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Abstract 
 
Currently there is a profound lack of automated and sub-lethal toxicity testing within the field 
of ecotoxicology. In order to meet future needs regarding high-throughput toxicity testing and 
rapid analysis of novel chemical compounds, there is a pressing requirement to adopt new 
methodologies. Manual procedures for conducting traditional mortality-based endpoints are 
slow, labour-intensive, low resolution and prone to unintentional bias or error. In this thesis, 
I present for the first time, new proof-of-concept methodologies for caging aquatic 
invertebrates as well as a novel approach to generating ultra-thick SU-8 photoresist layers for 
generating high-aspect ratio features in a soft-lithography mould. 
These Lab-on-a-Chip (LOC) systems involved designing novel caging environments that could 
effectively hold the test organisms within a central toxicity chamber for the purpose of testing 
traditional mortality-based endpoints as well as sub-lethal behavioural assays. In order to 
achieve this, the caging environments were specifically designed with the intention of keeping 
the test organisms within a shallow x,y arena such that their movements would be easily 
recorded with a miniature USB camera. Additionally, each system incorporated a perfusion-
based environment specifically calibrated for the optimal survival of the test organisms. With 
the assistance of automated tracking algorithms, this thesis illustrates how LOC perfusion-
based systems can be effectively leveraged to track aquatic invertebrates and quantify sub-
lethal changes as a surrogate for traditional testing methods. 
The first chapter explores an innovative LOC system for caging the marine amphipod 
Allorchests compressa. The research examines various aspects of the system that are critical 
for optimal survival of A. compressa within a chip-based environment including chamber 
design and flowrate. Subsequently, comparative analysis between mortality data in traditional 
glass jar environments and the newly posited chip-based environment were performed. While 
metal exposures produced excellent agreement between test environments, there was a 
strong divergence between results when testing with petroleum hydrocarbons. Chemical 
analysis later revealed that the reduction in observed toxicity was due to sorption of the test 
hydrocarbons out of solution. 
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Behavioural analysis of A. compressa in the chip-based environment was very successful with 
minor perturbations in swimming patterns becoming evident at concentrations an order of 
magnitude lower than the known LC10 values for copper. Such sensitivity in detection was only 
made possible by the custom enclosures designed to optimise video recording of A. 
compressa’s movements and resulting behavioural analysis. 
A similar approach was conducted with the freshwater rotifer Brachionus calyciflorus by 
caging it within a perfusion-based LOC environment. As with A. compressa, the test 
environment was specifically tuned to suit the test organism. Mortality testing identified 
excellent agreement between results in conventional multi-well plate environments when 
compared with the custom designed perfusion-based chip device. Moreover, behavioural 
analysis of swimming patterns again proved a significantly more sensitive endpoint than LC10 
values for many of the toxicants tested. 
This thesis also compares existing soft lithography based methods for creating high aspect 
ratio structures suitable for caging the smallest aquatic invertebrates as well as presenting an 
innovative, yet intuitive, approach for fabricating them in traditional cleanroom facilities. The 
newly described method is capable of rapidly and reliably creating photoresist layers between 
100 and 1500 µm thick with almost no photoresist waste. This novel methodology enables a 
new suite of structures to be fabricated specifically to suit ecotoxicological applications for 
trapping and caging aquatic invertebrates within an LOC environment. 
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1. Introduction 
 
1.1. Introduction to toxicity testing 
 
Toxicity testing as a science is the process of determining whether a given chemical produces 
an undesirable reaction in a test population. Toxicity testing is used in a variety of fields, from 
assessing pharmaceutical drug dose-response relationships to food safety standards and 
environmental pollution testing [1, 2]. This testing process is a vital step that must be 
performed before any new compounds can be released into the market to ensure that they 
are not only safe for those who are consuming the product, but also that they are not causing 
deleterious effects in the environment [3].  
In many cases, the fate of persistent chemicals is the aquatic environment, regardless of their 
initial usage [4-6]. Chemicals deposited terrestrially, such as pesticides, fertilizers, road 
pollution (oil, anti-freeze, exhaust hydrocarbons, tyre rubber) and micro plastics, can all be 
easily transported to marine environments via storm water systems [7-9]. Pharmaceuticals 
such as synthetic oestrogen (17a-ethinylestradiol) found in the female contraceptive pill are 
very difficult to remove from sewage waters, which means they can ultimately be discharged 
with ‘clean’ treated water [10, 11]. These oestrogens can then affect the endocrine systems 
of local fish, causing elevated vitellogenin – a precursor to egg yolk – in female fish and 
demasculinisation of male fish, which has exhibited reduced sperm production and increased 
vitellogenin [12-14]. 
Some chemicals are delivered directly into aquatic environments; these include vessel bilge 
water – which often contains petroleum oils, sunscreen from the skin of bathers and anti-
fouling paint from the hull of almost all vessels [15, 16]. Sunscreen, for example, has been 
implicated in recent coral bleaching events in Japanese waters as well as being directly toxic 
to the larval forms of coral known as planula [16-19]. Anti-fouling paint presents a unique 
challenge for environmental toxicology, as it works by slowly releasing toxicants into the water 
to prevent build-up of algae, barnacles and other living communities [20-22].  
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Anthropogenic activities are constantly introducing toxicants into the environment, and even 
with the best intentions, these chemicals will find their way into the environment [23]. The 
toxicity of these various compounds is affected by a wide range of external factors that include 
bioavailability, temperature, degradation rate, mode of action and ultimate fate in the 
environment [24, 25]. 
1.1.1. Birth of ecotoxicology 
 
The earliest studies that can be attributed to the field of environmental toxicology – a 
precursor to ecotoxicology – described lead poisoning of water birds as a result of them 
consuming lead ammunition that was often used by hunters [26, 27]. Publications continued 
throughout the early 1900s, presenting evidence of heavy metal toxicity to water birds [28-
30]; however, public awareness of the impact chemicals can have on the environment 
remained low until 1962, the year in which Rachel Carson penned the now famous book, Silent 
Spring [31, 32].  
This well-known piece of literature documented the detrimental effects of the pesticide 
dichlorodiphenyltrichloroethane (DDT), which was being indiscriminately dispersed from 
aircrafts to control insect populations, especially mosquitos and fire ants [33]. Carson’s book 
eloquently illustrated how DDT was causing widespread environmental damage; yet as the 
title suggests, there was a strong theme regarding the impact of DDT on bird populations in 
particular. Evidence was presented as to how DDT was causing a reduction in egg shell 
thickness and the negative impact this would have on bird populations if allowed to continue 
[32, 34, 35]. 
With parity to some of the modern scientific hot topics that exist today, the response to 
Carson’s book was mixed. Chemical companies involved with the production of DDT presented 
misinformation in response to the work in an attempt to discredit Carson [35]. This proved 
ineffective, as scientific evidence continued to be published that clearly showed DDT was 
causing significant damage to the wider ecosystem [36-38]. 
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The groundswell of public opinion combined with new scientific enthusiasm for studying 
environmental toxicology led to a strong increase in the number of scientific publications that 
focused solely on the impact of chemicals upon the environment, without specific reference 
to their impacts upon humans [39]. 
Up until the 1980s, scientists referred to the field as environmental toxicology; indeed, the 
present day peak body for these scientists, SETAC, stands for the ‘Society of Environmental 
Toxicology and Chemistry’ and was founded in 1979. The phrase ‘environmental’ was used to 
distinguish the studies from traditional toxicology, which, of course, only focused on the 
impact of toxicants upon humans. Throughout the 1980s, researchers began to expand the 
scope of their studies, and the term ‘ecotoxicology’ began to replace ‘environmental 
toxicology’, as it merged the disciplines of ecology and environmental toxicology [39, 40]. 
1.1.2. Importance of aquatic ecotoxicology 
 
Aquatic ecotoxicology is a set of standardised methods employed to assess the dose-response 
relationship between various chemicals and the organisms present in the aquatic environment 
[41, 42]. The study of aquatic ecotoxicology quantifies the impact of potential toxicants at all 
levels from individual organism to ecosystem wide. This approach enables reliable risk 
assessments to be performed and biomonitoring of the aquatic ecosystem to ensure the 
health of the environment as a whole [43]. 
1.2. Methods of toxicity testing 
 
The methods employed in modern ecotoxicology still heavily rely on methodology that was 
developed in the early 1960s. The most commonly used methods of assessing toxicity are 
mortality-based endpoints, sub-lethal analysis, histopathological analysis and chemical 
marker analysis [44-46]. When setting environmental safety standards for allowable 
concentrations of a given chemical in the environment, these methods are used to determine 
if it is safe for the organisms that inhabit the ecosystem [47]. 
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This section only covers aquatic toxicity testing and sub-lethal analysis, as histopathological 
and chemical marker analysis fall outside the scope of this project. 
1.2.1. Acute and chronic toxicity testing 
 
Acute toxicity testing is usually the first – and sometimes the only – form of toxicity testing 
that newly developed or discovered chemicals will undergo [48]. A typical acute toxicity test 
will not last longer than 30 days, though many are 96 hours or less, and seek to quantify the 
physiological impact of a given toxicant at a relatively high concentration [48, 49]. In aquatic 
testing, this methodology is designed to replicate the effects of an unintentional spillage 
event, and in many cases, the test will be arranged to represent a worst-case scenario [50]. 
When testing the toxicity of poorly soluble compounds, such as petroleum hydrocarbons for 
example, the oil and water solution are mixed with a magnetic stirrer for 48 hours or longer 
to achieve maximum aqueous hydrocarbon concentrations in the solution, thereby 
demonstrating the highest possible environmental threat [51, 52]. 
This design philosophy has led to some criticising the validity of acute testing, as it tends to 
portray extreme or unrealistic scenarios [48, 53]. This perception of acute toxicity testing 
stems from a fundamental misunderstanding of the purpose and intention of how the results 
should be interpreted. A well-conducted acute toxicity study is comprised of multiple tests; it 
should assess a range of toxicant concentrations and provide various endpoints that include 
both lethal and sub-lethal analysis [54, 55]. 
Mortality-based endpoints have been the main form of acute toxicity testing since the 
inception of environmental toxicology in the 1960s. With this approach, the desired endpoint 
is a value known as the LC50 – the concentration at which 50% of a given test population are 
killed by a certain toxicant [52, 53, 55]. This value must always be accompanied by a time 
frame, so it reads, for example, ‘The 48 h LC50…’ as toxicity is both time and dose dependent 
[56]. 
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Figure 1.1 An example of a toxicity curve used to plot dose-response relationships and determine LC50 values. The 
concentration of the toxicant is plotted along the x-axis and cumulative mortality on the y-axis. Note the characteristic ‘S’ 
shape curve illustrating how some organisms within a population are highly sensitive and others highly resistant. 
The acute toxicity test also encompasses sub-lethal testing. To do so, the LC50 and lowest-
observed-effect concentration (LOEC) value for the test organism and toxicant being used 
must first be known from traditional mortality-based testing. As the name suggests, sub-lethal 
testing uses endpoints other than death to measure the toxicity of a chemical. These 
endpoints include physiological measurements such as an aquatic invertebrate losing its 
ability to swim, reproductive assays or behavioural changes [57-59]. 
Behavioural changes have been used as an endpoint for decades in ecotoxicology most 
commonly with invertebrate species due to the simple behavioural patterns [60, 61]. Tests 
with aquatic snails have focused on their burrowing response, and since 1939, scientists have 
attempted to quantify the valve movements of mussels in response to toxicant exposure [62, 
63]. More recently, there has been an expansion in computer-assisted behavioural 
ecotoxicology with the availability of high-quality digital camera equipment becoming more 
affordable. Section 1.2.3 discusses this technology in further detail. 
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Chronic toxicity testing examines long-term physiological changes in populations that have 
been exposed to low levels of toxicants for years or even decades [64]. These studies are often 
the type that make news headlines, with a recent example involving bisphenol A (BPA). Since 
1957, BPA has been used as a plasticiser in consumer goods; however, only after decades of 
use and exposure to humans and the environment were its properties as an endocrine 
disruptor made clear [65, 66]. This example demonstrates the importance of long-term 
observations even when acute testing does not provide cause for alarm. 
Due to the complex nature and expense of running a chronic study, it is uncommon to have 
these tests conducted under laboratory conditions. Data is instead typically generated from 
retrospective field studies looking at environmental populations that have been inadvertently 
exposed [67]. 
1.2.2. Test conditions – static vs flow through 
 
Static testing is the simplest form of controlled toxicity testing. It involves taking a selected 
population of test organisms and exposing them to a given toxicant in a sealed environment 
such as a jar, beaker or multi-well plate [68]. The test solution is not altered in any way 
throughout testing, and as such, this method is only appropriate for acute toxicity testing of 
24–48 hours depending on the organism. For some highly active organisms, static testing may 
not be appropriate at all, as the condition can produce localised anoxic regions low in dissolved 
oxygen [69, 70]. 
The static-renewal method is preferable to simple static testing. When working with organic 
compounds that rapidly degrade, it becomes necessary to change all or part of the test 
solution every 24 hours. If the animals can be transferred into an identical container without 
causing physical damage or excessive stress to the organism, then a 100% renewal can be 
achieved. However, if the test organisms are fragile or not easily transferable, then a minimum 
70% by volume of solution should be carefully removed with a siphon and replaced with fresh 
medium [71, 72]. 
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The final design for a toxicity test is a flow-through system. A flow-through testing apparatus 
comes in varying constructions, from large scale tanks with thousands of litres to individual 
cell toxicity experiments using only microlitres of solution [73, 74]. The design can also be a 
closed-loop system, which recirculates the solution for the duration of the test, or if the total 
volume and flow rate is small enough, a one-way open-loop system in which fresh medium is 
constantly being perfused from the inlet and all used medium is caught in a waste container 
[75]. 
Open-loop systems are the most preferable system where possible, as over the duration of 
the test there is no possibility of the test organism’s metabolites accumulating in the test 
solution and artificially increasing mortality. This design also allows for a simple renewal of 
test solution by filling the inlet reservoir with fresh medium, avoiding dilution factors that can 
occur when trying to completely replace the medium in a closed-loop system. 
1.2.3. Challenges with traditional toxicity testing 
 
Present day ecotoxicological testing methods are in stark contrast with analogous field such 
as biomedical science and drug discovery [76]. While these fields have embraced significant 
levels of automation via microfluidic integration and computational data analysis, 
ecotoxicology’s affinity for manually administered tests remains the bedrock of its 
experimental design [77]. 
These manual methodologies are often laborious and require the operator to repeat identical 
tasks many times over. Not only is this an inefficient use of a skilled researcher’s time, but it 
can also lead to fatigue-induced errors as well as inconsistency between laboratories and even 
between researchers. 
These limitations with traditional methods are increasingly problematic, particularly 
considering that the European Union, United States Environmental Protection Agency (USEPA) 
and Organisation for Economic Cooperation and Development (OECD) are placing additional 
restrictions upon the sale of newly developed chemical compounds [76, 78]. These regulations 
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require extensive impact assessments on the potential effect upon the environment as well 
as human health prior to becoming commercially available. 
Moreover, ethical considerations are increasingly limiting the ability of researchers to study 
traditional mortality-based endpoints. Government legislation in Australia requires that 
lengthy application processes occur before working on many aquatic organisms, including all 
aquatic vertebrates, adult cephalopods (squid, octopus and cuttlefish) and adult decapods 
(crabs, crayfish  et cetera) [79].  As a result, ethics committees have been pushing researchers 
towards the ‘three Rs’: replacement, reduction and refinement [80-82]. 
In the case of ecotoxicology, there is no currently available surrogate that can replace actual 
observed toxicity testing with the animals of concern; thus, the tests cannot be replaced. The 
next consideration is reduction. This premise is implemented by conducting species sensitivity 
distributions to only include the minimum number of test animals required to provide a 
statistically rigorous analysis of the impact on the broader environment [83]. The final ‘R’, 
refinement, can be included by utilising sub-lethal endpoints such as growth, reproduction 
rates, molecular markers and behavioural analysis in place of traditional mortality-based 
endpoints. 
Another criticism of traditional ecotoxicology is the heavy reliance on high-
concentration/short-duration testing [84]. Since these tests are rapid, inexpensive and simple 
to perform, acute toxicity testing data tends to dominate the literature. However, with the 
exception of industrial accidents or spillage, the commonly tested concentrations required to 
derive 96 h LC50 values significantly exceed those measured in real-world scenarios. The 
impacts of chronic sub-lethal endpoints are therefore rarely well understood. 
A recent study of methodological consistency among laboratories for sub-lethal amphipod 
testing revealed significant variation in outcomes between laboratories [85]. The authors 
sought to classify 24 laboratories by experience level (high, medium or low) in conducting a 
particular sub-lethal growth and reproduction test. Each laboratory then conducted a 42-day 
analysis with the North American amphipod Hyalella azteca as per USEPA and the American 
section of the international association for testing materials (ASTM) standards. 
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The results showed that low and medium experience laboratories rarely achieved the 
minimum criteria, and even the laboratories classed as highly experienced did not always 
meet the minimum requirements. The authors attributed the variation between laboratories 
to experience in preparing the feed, precision and accuracy in weighing the amphipods and 
ability to recover the extremely small juvenile H. azteca [85]. 
The results of this study were not surprising given that individual growth is measured as a dry 
weight, typically 0.05 mg to 0.5 mg at 10 days and 42 days respectively. As a result, factors 
other than toxicant exposure can significantly affect growth, including feeding rate and 
genetics, further complicating the results. Moreover, reproductive endpoints were observed 
to introduce additional errors within inexperienced laboratories, as the juvenile amphipods 
often burrow in the sediments and can be extraordinarily difficult to recover. The authors 
suggest that each operator should be benchmarked against a known test population to 
calculate their individual recovery effectiveness [85].   
These results reveal the makeshift nature of current aquatic sub-lethal toxicity testing. If only 
the most experienced laboratories can be expected to generate reliable results for sub-lethal 
testing, then an alternate method for quantifying these endpoints is needed. 
To facilitate the additional throughput that will be required in the coming years and to satisfy 
ethical and practical concerns, ecotoxicological research must embrace significant levels of 
automation and sub-lethal analysis where practical. These methods can remove the burden 
of observation from researchers enabling long-term, high-resolution monitoring without 
manual intervention. 
1.3. Behavioural endpoints in aquatic ecotoxicology 
 
1.3.1. Background  
 
Behavioural endpoints of interest in aquatic ecotoxicology are those that can be affected by 
the environment, including phototaxis, chemotaxis, swimming patterns, valve movement, 
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respiration and intermittent sedentary periods [86, 87]. Behavioural endpoints have 
previously been characterised into one of three categories, short, medium and long term, 
based on the observational duration required to effectively identify a change in behaviour. 
Short-term changes include avoidance of areas with elevated toxicant concentrations, 
geotaxis (movements in relation to gravity) and thigmotaxis (movements in relation to touch 
stimuli) [88]. Medium-term changes include differences in feeding rates and burrowing 
responses, while long-term changes are typically measured over several days and include 
subtle changes not perceptible to the human eye, such as swimming speed, acceleration and 
active vs sedentary time [89-91]. 
In the presence of aquatic contamination, each of these endpoints has previously been shown 
to change significantly at concentrations below the most sensitive mortality-based endpoints, 
such as LC10 [92-94]. The observed variance is typically a reduction in overall movement; 
however, a brief excitation/escape response period is common before activity permanently 
drops below control levels [93, 95]. Some pharmaceuticals have been shown to induce 
prolonged excitation responses where activity remains elevated for several days, yet these 
results tend to represent an exception rather than the rule [96]. Any change to the swimming 
behaviour of aquatic invertebrates can reduce effectiveness in both hunting and avoiding 
predation in the natural environment [89]. 
Methods of recording changes in behavioural analysis can be grouped into two main sub-sets: 
direct observation (e.g. video recording) or indirect observation (e.g. changes in 
electromagnetic fields caused by movement or changes in electrical impedance caused by 
movement). Direct observation provides less subjectivity during analysis, as there is no 
calibration required of the raw data. Two examples of indirect observation are discussed in 
section 1.3.2 and direct observation is explored thereafter. 
Laboratory studies have previously quantified direct and indirect behavioural changes in many 
different aquatic organisms, including fish (adult and embryonic), bivalves, crustaceans and 
even unicellular protozoa [95, 97-99]. Despite this, there is presently a significant lack of in 
situ field studies for biomonitoring in Australia. Studies have instead tended to focus on 
14 
 
reactionary measures, such as measuring the metal ion concentrations within bivalve tissue 
or shells [100]. Though some studies have improved upon this design with ‘artificial mussels’ 
that can more accurately and easily measure metal concentrations, real-time monitoring 
efforts of waterways are limited [101]. 
1.3.2. Existing real-time applications of behavioural analysis and limitations 
 
In the USA and Europe, mussels are being deployed as a proactive measure for monitoring 
water quality in dams and rivers. Mussels have demonstrated the ability to sense a range of 
pollutants in the environment and will actively change their respiration and feeding patterns 
depending on water quality [102-104]. The ability to measure a wide range of toxicants at low 
cost is a significant benefit over existing chemical analysis techniques where the chemical of 
interest must be specified prior to analysis [105].  
Furthermore, given the complex range of contaminants that may be present, it is not feasible 
to chemically test for all possibilities. Known contaminants can break down into unknown 
constituents and simple lists of contaminants and their concentrations do not account for 
possible synergistic or antagonistic effects [105]. Behavioural endpoints therefore serve as an 
important first line of defence against waterborne contaminants, unstudied toxicant cocktails 
and for triggering further targeted analysis. 
The Musselmonitor is one such example of a real-time indirect in situ biomonitor for water 
quality testing with mussels. The Musselmonitor® is capable of simultaneously monitoring the 
valve movements of 15 individual mussels. This is achieved by immobilising the mussel and 
then placing a miniature high-frequency coil on a fixed substrate and a metallic composite on 
the valve that is free to move (Figure 1.2) [106]. As mussels respire, the valve moves the 
metallic composite relative to the high-frequency coil and the resulting change in electrical 
potential can be calibrated to represent valve gape. 
15 
 
 
Figure 1.2 Example of Musselmonitor internal platter. Each mussel has a metallic composite attached to the free valve while 
the opposing valve is permanently cemented to the substrate. High-frequency sensors can be seen in red and black directly 
adjacent to the metal composite. Reproduced from www.qconline.com. 
The Musselmonitor is capable of being deployed into the field in a completely self-contained 
manner, incorporating batteries and mobile data connections to report real-time data of the 
mussels contained in response to local water conditions. It does, however, require significant 
ongoing maintenance to replace mussels as they become dislodged from the substrate to 
which they are mounted. The Musselmonitor is also restricted by relatively low-quality data. 
Since the measurements being obtained can only report the valve gape of a group of mussels, 
the system can only truly be used as a trigger for further investigation [107].  
A competing in situ behavioural analysis system, the multispecies freshwater biomonitor 
(MFB), attempts to quantify more subtle movements within a rectangular prism test chamber. 
Four electrodes are mounted within the test chamber to quantify total internal movement of 
the organisms introduced by quadrupole impedance conversion with a Wheatstone Bridge 
circuit [105, 108, 109]. Two electrodes generate a high-frequency alternating current across 
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the test chamber while the second pair measures the variation in impedance generated by 
the movements of organisms. The electrodes are required to be calibrated individually for 
each test chamber and organism combination to ensure a homogenous electrical field is 
maintained throughout the entire test medium [105]. Each pair of electrodes can only detect 
movement in a single plane, i.e. horizontal or vertical movement, so additional electrodes are 
required to monitor movement on both the x- and y-axis simultaneously. 
The MFB has been successfully deployed for monitoring pharmaceutical waste with fish, 
bivalves and crustaceans; however, the MFB has several significant limitations [110, 111]. 
Since the MFB measures impedance throughout the entire chamber, it is not possible to 
isolate or distinguish between erratic behaviour of a single organism or mild behavioural 
alterations of the entire test population. In a similar manner, a 10% reduction in perceived 
total activity could not be distinguished from constant activity of the population and 10% 
mortality within the chamber without manual inspection, which is a significant limitation for 
remote deployment. 
Moreover, the MFB must be precisely calibrated to suit each particular species and test 
chamber, requiring additional training of the operators and an increased risk of failed 
experiments. Finally, as the name suggests, the MFB is not compatible with marine or brackish 
water due to ionic interference with the high-frequency alternating current. Thus, there is no 
foreseeable application for monitoring marine environments such as public beaches or marine 
aquaculture farms with the MFB.  
While the MFB and Musselmonitor® can be utilised for in situ biomonitoring of aquatic 
waterways, the application of simplified one-dimensional data lacks specificity. It is therefore 
concluded that a more appropriate source of high-resolution data is required to increase 
sensitivity, resolution and reliability of individual endpoints. 
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1.3.3. Direct observation as a tool for behavioural analysis 
 
The significant benefits of direct observation over traditional lethality and indirect observation 
include the removal of both operator bias and calibration steps required to interpret the data 
[112].  
Sub-lethal concentrations of heavy metals and polycyclic aromatic hydrocarbons have 
previously been shown to significantly alter the behaviour of marine invertebrates [93, 113]. 
Gauthier et al. (2016) demonstrated that the aquatic amphipod Hyalella azteca reduced the 
percentage of time spent swimming and ventilation rates in response to sub-lethal 
concentrations of phenanthrene and increased respiration in the presence of sub-lethal 
concentrations of copper [113]. Similar behavioural results were also observed with the 
aquatic invertebrates Daphnia magna and Artemia franciscana [114, 115].  
In each of these studies, a single digital camera was used to capture the two-dimensional 
movements (x,y) of the test animals, and the results were later analysed by the dedicated 
software Lolitrack (Loligo systems, Tjele, Denmark). This method of measuring behavioural 
changes solely in two dimensions has previously been criticised for not allowing for animal 
movement along the z-axis [116]. However, the only solution to incorporate the z-axis in 
behavioural tracking is the addition of an extra digital camera perpendicular to orientation of 
the first camera (Figure 1.3). This requires twice the investment in video recording equipment, 
computational power and storage space for the captured data for a single arena. The cost is 
compounded further when a two-dimensional array is expanded to record multiple arenas. 
Due to the lack of a significant z-axis, a single camera is capable of recording behaviour in 
several test chambers for x and y movements simultaneously. Multi-chamber analysis is not 
possible with three-dimensional tracking arrays, however, due to the distortion introduced by 
the additional axis if a camera is not mounted directly above the chamber. Adoption of three-
dimensional tracking has therefore been limited because of the additional burdens of entry. 
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Figure 1.3 Two-dimensional vs three-dimensional behavioural tracking analysis comparison. A) Only a single camera is 
required to record movement along the x- and y-axis. This can be easily expanded to monitor several arenas simultaneously. 
B) Three-dimensional tracking required the use of a second camera for every test arena to quantify the z-axis movement. Not 
all software is capable of tracking from two cameras simultaneously. 
The ultimate goal for sub-lethal behavioural analysis is not only to construct more sensitive 
test endpoints, but also to reduce human intervention as much as possible, thereby allowing 
the researcher to conduct a broader range of experiments and increasing the reliability of the 
results.  
Many direct observation experiments have relied upon manual scoring of endpoints at 
predefined intervals [88, 117]. Significant limitations of this approach include the low scoring 
resolution (e.g. every 30 minutes) and limited duration due to the available working hours of 
a given researcher. Implementation of automated tracking algorithms such as Lolitrack, 
Ethovision and Zebralab facilitate exponential increases in resolution by tracking the location 
of the test organism up to 60 times per second (Figure 1.4). 
A) B) 
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Figure 1.4 Example of individual tracking for 24 zebrafish simultaneously in two dimensions (x,y) with Lolitrack software. Only 
a single camera was required to monitor the x,y movements for the entire multi-well plate. 
Utilising automated tracking software, the researcher is granted the ability to track extremely 
subtle movements on a frame-by-frame basis for extended periods of time. Furthermore, the 
recorded raw video data can be reanalysed at a later date to quantify additional endpoints if 
required or to audit previous results for mistakes. 
Common behavioural endpoints that can only be accurately analysed by recording 
movements with a video camera include changes in swimming speed, acceleration, time spent 
active vs inactive, total distance swum, embryonic twitch rate, phototaxis, chemotaxis and 
geotaxis [93, 112, 118, 119]. 
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1.4. Lab-on-a-Chip 
 
1.4.1. Principles of microfluidics 
 
Microfluidics is, unsurprisingly, the field of working with small amounts of liquid. Applications 
include pharmaceutical research, molecular biology, drug delivery, cell behaviour and more 
recently, behavioural toxicology [120]. 
Even though many people have never heard about the field of microfluidics, almost everybody 
in the developed world has used a device that employs the science. The inkjet printer was the 
first commercially available device to incorporate modern concepts of microfluidics, with the 
first patent being filed in 1976 [121]. 
Microfluidics focuses on the precise control of very small volumes of liquid. When working 
with such minute volumes, the behaviour of the liquid can exhibit markedly different 
characteristics than are typically encountered in day-to-day life. Surface tension of the fluid 
and the hydrophobicity of surfaces used in microfluidic devices are vitally important; minor 
imperfections, leaks or air bubbles can easily block these devices if improperly constructed. 
One such interesting characteristic observed in microfluidics is laminar flow. This 
phenomenon occurs when two or more fluids flow in parallel with little or no interaction 
between the layers, as seen in Figure 1.5 [122]. Laminar flow can be predicted by calculating 
the dimensionless Reynolds number (Re), as defined by the following equation: 
𝑅𝑅𝑅𝑅 = ρ𝑣𝑣𝐿𝐿µ  
where: 
𝜌𝜌 is the density of the fluid being used (kg/m3), v is the velocity of the fluid with respect to the 
internal walls (m/s), L is the characteristic linear dimension (typically represented as the length 
of the internal volume) (m) and µ is the dynamic viscosity of the fluid (kg/m2). If Re is less than 
2,300, the resulting flow within the specified chamber will be laminar [123]. Achieving Re 
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numbers less than 100 is common within microfluidics, as the channels tend to be extremely 
narrow (<100 µm); thus flow is typically laminar, allowing for minimal mixing of fluids where 
channels converge, as seen in Figure 1.6 [124]. 
 
Figure 1.5 Graphical representation of laminar vs turbulent flow in a smooth-walled tube. Laminar flow (top) is present in 
microfluidic environments when Reynolds number is less than 2,300. 
 
Despite the strong laminar flow present within microfluidic channels, mixing still occurs due 
to osmotic diffusion of solutes from areas of high concentration to areas of low concentration 
(Figure 1.6). The rate of diffusion is governed by the mass transfer distance and the diffusion 
coefficient, meaning that for a typical microfluidic channel (50 µm) to completely diffuse to 
an isotonic solution, it would require several minutes of side-by-side continuous flow [97]. 
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Figure 1.6 CFD simulation illustrating the effect of diffusion between laminar flow of a high concentration (red) and low 
concentration (blue) in an open-loop environment. Orange to green colours represent areas of mixing due to osmotic 
diffusion. 
1.4.2. Fabrication methods for lab-on-a-chip devices 
 
There are many different methods for fabricating lab-on-a-chip (LOC) devices, including soft 
lithography, additive layer manufacturing (3D printing) and laser micromachining [125]. 
Soft Lithography 
Soft lithography is the result of combining photolithography with the soft biocompatible 
elastomer polydimethylsiloxane (PDMS). PDMS is biocompatible, optically transparent, 
oxygen permeable, simple to work with, inexpensive and can be easily bound to glass without 
the need for adhesive. As such, it is a commonly used elastomer when fabricating 
microelectromechanical systems (MEMS) devices. 
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To use PDMS for these MEMS devices, a negative mould is required, into which the PDMS is 
poured along with a chemical hardener to transform it from a liquid to a firm gel. This negative 
is created through a process known as photolithography. This process is capable of accurately 
fabricating devices on the order of nanometres; thus the rotifer chip device being presented 
here is considered quite large by typical photolithography scales [126]. 
The process of photolithography achieves this precision fabrication in three main steps. First, 
it must be decided how high the structure needs to be. Presently, the maximum height of a 
single layer spun in photolithography is approximately 200 microns. To obtain a greater height 
than this, the following steps must be repeated to create multiple layers [127]. 
To achieve the desired layer height of the structure, a viscous photoresist is centrally added 
to a circular wafer and spun until the photoresist has evenly coated the surface and reached 
the appropriate thickness (Figure 1.7). The spin duration, spin velocity and viscosity of the 
photoresist determines the resulting layer height. A few experimental runs are typically 
required to identify the procedure that will produce the correct thickness for a given 
application [128]. 
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Figure 1.7 Example of adding photoresist (red) to a wafer (blue) on a vacuum chuck and spinning to spread the photoresist 
to create a uniform layer over the wafer. The spinning speed and duration of the spin cycle will determine the ultimate later 
thickness. 
In the next stage, exposure (Figure 1.8[a]), the wafer has a photomask placed directly above 
it. The photomask has the inverse fabrication pattern plotted on its surface in black ink and 
remains clear in the areas that require curing. Strong UV light is then focused on the mask, 
and where the UV light is able to pass through the clear sections of the mask, underlying 
photoresist will rapidly crosslink and solidify. 
The final stage is development (Figure 1.8[b]). Here, the wafer is rinsed with a solvent that will 
effectively remove the uncured photoresist, leaving only the wafer and desired pattern. For 
thicker structures, these same steps are repeated, but additional care must be taken to align 
the mask carefully with the initial layer to ensure all subsequent structures are constructed 
directly above existing ones. 
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Figure 1.8 (a) UV exposure of the photoresist through the mask illustrating how the photomask selectively filters the UV light 
reaching the wafer. Note: gap between photomask and wafer has been expanded for clarity. (b) The resulting photoresist 
after the water has been developed. 
The resulting model on the wafer is a negative of the final chip design. In much the same way 
that an ice cube tray is filled with water to create ice cubes, PDMS and a curing agent are 
poured over the negative model to create the final chip device. Once cured, the PDMS is 
removed from the mould and bonded to a clean glass slide after surface activation within a 
plasma cleaner; the chip device is now ready to be used (Figure 1.9).  
 
Figure 1.9 Process of making PDMS moulds from preformed wafers. The PDMS is poured over a master mould, allowed to cure 
and then peeled away, leaving an imprint of the original master. 
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While soft lithography is capable of providing extremely smooth and high-resolution micro 
structures, it also has several important limitations. All photolithographic processes must be 
conducted in expensive cleanroom facilities that may be not available to all researchers. 
Furthermore, photoresist materials that are used to fabricate the master mould structures are 
very expensive (several thousand AUD per litre), and finally, the process from start to end can 
take days or even weeks to create a protocol that reliably produces the master mould. As a 
result, soft lithography is currently most suitable for fabrication of nano and microfluidic 
devices less than 200 µm high.  
CO2 laser micromachining 
CO2 laser micromachining is a contactless method of removing material via ablation of surface 
layers to either cut or engrave a substrate. A highly focused beam of photons is emitted at a 
wavelength of 10,600 nm towards the material surface as the lens scans back and forth to 
control exposure period and the location of the beam. As the laser dwells on the surface, its 
temperature rises and vaporises the material within the laser’s focal plane (Figure 1.10) [129]. 
By controlling the laser output power and speed at which the lens moves the focal plane over 
the surface, the material can be either cut right though, simply engraved to any depth, or even 
many different depths to create a multi-level design in a single step. 
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Figure 1.10 Laser ablation of substrate A) Illustration of laser beam ablation on a polymethyl methacrylate (PMMA) sheet 
showing why sidewalls are not straight. B) Macrophotograph of partial cut PMMA sheet. 
Laser micromachining has several key benefits over photolithographic processes. The first is 
the rapid turnaround time for any prototype; a typical cutting job only takes a few minutes 
and even complex designs can be fabricated within a couple of hours. Laser micromachining 
can also work with extremely thick materials up to 15mm in a single layer, making it far more 
suitable for structural or load bearing components and adding durability to parts. Materials 
for laser micromachining are also significantly cheaper than those used in photolithography, 
with simple acrylic being a commonly used bio-compatible substrate [130]. 
While laser micromachining has been used to fabricate channels down to 50 µm, it also suffers 
from significant variation between runs and thermal deformation along the vertices of the 
channels (Figure 1.11) [131]. In addition, as seen in Figure 1.10, laser micromachining does not 
produce horizontal sidewalls. This variation in channel width can lead to increased turbulence 
and uneven flow between the top and bottom sections of toxicity testing chambers. 
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Figure 1.11 Deformation of laser cut channels. A) Uncut sheet of polymer, B) Laser cut channel at high power with no assist 
gas, C-E) Maximum speed laser cutting with assist gas resulting in edge bulging and softened polymer along the vertices of 
the cut line. F) Optical profilometry quantifying ridge deformation after laser engraving along a single axis.  
Laser micromachining has previously been used to create biocompatible LOC devices for many 
macro invertebrates in addition to fish embryos and larvae. Zhu et al. (2015) demonstrated a 
high throughput laser micromachined device fabricated from PMMA capable of trapping 252 
zebrafish larvae in groups of 21 and perfusing through up to 12 different toxicants 
simultaneously (Figure 1.12) [132]. 
(f) 
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Figure 1.12 A) Zebrafish trapping design capable of caging 252 embryos within a monolithic device. B) Expanded illustration 
of individual trapping channels. C) Macrophotograph of embryo traps fabricated by laser micromachining. (reproduced from 
Zhu 2015) 
A key challenge of toxicity testing in LOC devices is being able to effectively trap the test 
organisms so that they remain in a desired location for imaging. Given the relatively large size 
of the embryos (~1 mm) and the immobility of the embryonic stages of zebrafish, traditional 
laser micromachining was capable of fabricating channels narrow enough to achieve this. Fuad 
(2017) was subsequently able to successfully trap free swimming larval stages of zebrafish by 
combining laser micromachined negative relief structures with the application of PDMS to 
create larval traps  (Figure 1.13) [133]. 
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Figure 1.13 PDMS mould from PMMA positive relief structure fabricated by laser micromachining (reproduced from Fuad 
2017) 
While this method of fabricating LOC devices adds an additional step on top of traditional laser 
micromachining, it was also able to more reliably generate channels as narrow as 300 µm 
[134]. Since the PMMA mould is a reusable positive relief, a channel need only be created 
accurately one time. Once this has been verified and bonded to a glass slide, all subsequent 
PDMS negative reliefs will have reproducible channels of the same dimensions. 
Laser micromachining of PMMA has also been used for aquatic toxicity testing with macro 
invertebrates such as daphnids and Artemia spp. Huang et al. (2015) demonstrated a device 
solely created by laser micromachining that reliably produced channels 1 mm wide x 200 µm 
deep [94]. This was achieved by engraving the depth of the channel rather that cutting it 
lengthwise as seen in Figure 1.13. The 200-µm-deep channels were sufficient for trapping 
instar II-III larvae (30 hours post hatching), as they are typically 750 µm or greater in length 
with a ridged exoskeleton. However, this design application means that the perfusion is only 
introduced via a very narrow slit, in this case 200 µm, out of the entire chamber height of 1500 
µm. Due to the laminar flow effects discussed previously, the outlets at the other end of the 
chamber must be at the bottom of the chamber if the inlet is at the top to ensure sufficient 
mixing throughout the central chamber. Since laser micromachining is only capable of two-
dimensional fabrication removing substrate one piece at a time, an additional two layers are 
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required to construct such a device, bringing the total number of layers from only three to 
five. 
This design was later expanded upon with the use of Daphnia magna. Approximately the same 
size as the Artemia at ~600 µm, D. magna was also effectively caged by laser micromachining 
of partial depth channels on alternating ends of the toxicity chambers [135]. Huang et al. 
(2017) also showed, however, that these chambers could be sequentially linked between 
three replicates to reduce the required pumping infrastructure. Such a reduction is significant 
in microfluidics, as precision perfusion equipment is by far the most expensive component of 
the system. 
Additive Layer Manufacturing 
Additive layer manufacturing (three-dimensional printing) has exploded in popularity in recent 
years as a cost effective and rapid method of creating small scale prototypes [136]. A 
significant advantage of three-dimensional printing over laser micromachining is its ability to 
fabricate structures in three dimensions rather than simply cutting two dimensional shapes 
from precast substrata. In most cases, three-dimensional printing is a single-step process. A 
three-dimensional CAD file is loaded into the printer’s own software where it is ‘sliced’ into 
individual two-dimensional layers, and then each layer is deposited sequentially onto a stage 
until the entire model is complete [137]. While three-dimensional printing is typically thought 
of as one single method, in reality, it is comprised of several different approaches that all 
utilise the same basic principle of construction of a single layer (or ‘slice’) at a time.  
• Fused deposition modelling 
The most familiar form of three-dimensional printing is fused deposition modelling (FDM), in 
which a solid thermoplastic is stored on a spool and fed into a hot extruder where it is briefly 
heated to ~300 °C to liquefy the material and then extruded via the print nozzle onto the stage 
below, where it instantly resolidifies and forms a solid structure [138]. 
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Figure 1.14 Illustration of FDM principles. Material is fed through a heated element and nozzle to be deposited onto build 
platform below. (NB: Gap between nozzle and object is expanded for clarity.) Reprinted from 
http://www.mkstechgroup.com/fused-deposition-modeling-fdm/ 
Fused deposition modelling is currently the least expensive form of three-dimensional printing 
and thus the most readily available [139]. In previous years, FDM has shown promise in several 
applications, including medical [140], tissue engineering [141] and augmented pharmaceutical 
release rates [142]. However, FDM’s most significant limitation is the minimum patterning 
resolution of approximately 200 µm, resulting a rough, and occasionally porous, surface finish 
[143]. In addition, a lack of optically clear thermoplastics for FDM cements its lack of suitability 
for directly fabricating LOC caging devices. Despite this, FDM is perfectly suited towards 
building customised support structures to otherwise support the central LOC device. For LOC 
applications, FDM has widely been used for fabricating support stands, pump manifolds, the 
clamping apparatus and camera mounts [93, 114, 132, 144]. 
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• Stereolithography 
Stereolithography (SLA), in contrast to FDM, is comparatively slow and expensive [133]. Unlike 
FDM where a solid thermoplastic is heated and extruded onto a build platform, SLA employs 
a liquid resin bath filled with a photosensitive polymer. The build platform is immersed into 
this polymer, and an ultraviolet laser then scans the platform, polymerising a single slice of 
the three-dimensional design [145]. As with FDM, sequential layers are applied until the entire 
structure is complete.  
 
Figure 1.15 Illustration of the stereolithography three-dimensional printing process. Photosensitive polymer is stored in a 
bath where the build platform is submerged. An ultraviolet laser polymerises and solidifies the resin at the surface of resin as 
the build platform moves to maintain focus. Reprinted from reference 114 with permission from Springer. 
This approach of using a photosensitive polymer as the build material allows SLA three-
dimensional printers to achieve significantly higher resolution than FDM three-dimensional 
printers, with structures as small as 80 µm being possible [146]. Furthermore, the surface 
finish of SLA manufactured parts is significantly smoother than those of FDM [147]. 
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In 2015, Macdonald et al. created an LOC design for trapping and perfusing toxicants over 
zebrafish embryos with SLA. Using four commercially available, optically clear polymers 
(VisiJetCrystal EX200, Watershed 11122XC, Fototec SLA 7150 and ABSplus P430) Macdonald 
et al. discovered that each was extremely toxic. Post-processing treatment of the LOC devices 
revealed that only Fototec SLA 7150 was capable of being treated to successfully culture 
zebrafish without inducing toxicity [136]. The authors were particularly surprised by the 
toxicity exhibited by VisiJet Crystal EX200, as it is a certified United States Pharmacopeia Class 
VI material [148]. Their results suggest that researchers should be cautious when validating 
new LOC designs for use with aquatic organism due to the possibility of uncured monomers 
leeching into the water and causing not only direct toxicity but also the possibility of 
synergistic effects. 
In 2016, Fuad et al. demonstrated a simple technique to avoid the potentially toxic 
photosensitive polymers used in SLA by adding a soft lithography step. In much the same way 
that laser micromachined PMMA designs were used to produce positive reliefs (Figure 1.13), 
an SLA three-dimensional printed structure could also be used. By then using PDMS that is 
removed from the SLA three-dimensional printed substrate, Fuad et al. 2016 showed that 
researchers could benefit from the high-resolution structures made possible by SLA without 
incurring the toxicity [149]. However, as the PDMS was based on a lift-off design that was 
rebounded to a glass substrate, the process was still limited to a two-dimensional design, 
whereas pure SLA three-dimensional printed devices could create complex multi-layer 
structures, such as cross over channels.  
• Digital light printing 
First commercialised in 2002 by EnvisionTEC, digital light printing (DLP) represented an 
exciting evolution in the production speed possible with 3D printing over SLA while 
maintaining high resolution [150]. Rather than using a single laser that scans along the surface 
selectively polymerising layers of resin, DLP employs a high-resolution projector to 
simultaneously expose an entire layer. The difference in production speed between these 
methods is analogous to manually tracing out an image onto a page compared to simply 
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stamping the same image onto it (Figure 1.16). The difference in speed continues to become 
more apparent as the process is continuously repeated page after page, or layer by layer in 
the case of DLP 3D printing. 
 
 
Figure 1.16 Comparison of 3D printing techniques. A) SLA approach using a single laser to selectively polymerise resin. B) DLP 
whole layer polymerisation with a high-resolution projector. Reproduced from EnvisionTEC white paper ‘The ultimate guide 
to high-speed 3D printing with continuous technology 2018’ 
 
The limiting factor for resolution then for DLP is determined by the pixel sizes that the 
projector is capable of producing. EnvisionTEC claims a minimum x and y resolution of 33 µm, 
however, it should be noted that their claims are based on the smallest square pixel possible 
thus round or angular shapes will suffer from severe geometric distortion. The printer will 
generate the closest possible approximation of the desired pattern, however, this may be 
significantly different from the designed geometry at the limits of DLP resolution (Figure 1.17 
[A]) [151]. 
To counter this, EnvisionTEC introduced pixel-shift technology via an Enhanced Resolution 
Module (ERM). This allows the projector to be shifted in the x and y plane by half the width of 
A) B) 
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a single pixel. The application is a ‘grey-exposure’ of the edge to create smaller steps between 
pixels, however, as can be seen in Figure 1.17 (B) the result is not a clean edge. 
 
Figure 1.17 Issues with angular resolution when using DLP. A) Standard DLP printing protocol. Blue line represents intended 
geometry and white boxes indicate best possible replication with pixels. B) Pixel-shift technology facilitates anti-aliasing of 
the sidewall by partial exposure of edge pixels. Reproduced from EnvisionTEC white paper ‘The ultimate guide to high-speed 
3D printing with continuous technology 2018’ 
 
As a result, DLP remains incapable of producing many of the fine features required in high-
resolution microfluidics such as smooth curved channels and fine filtration or restriction points 
below 40 µm. 
1.4.3. Ecotoxicological applications for lab-on-a-chip devices 
 
The goal of LOC devices is to miniaturise and streamline many laboratory processes into one 
simple, easy-to-use chip, roughly the size of a microscope slide. The core concept behind a 
LOC design is utilising microfluidics to achieve a device that is superior to the static and flow-
through systems discussed previously in 1.2.2. 
Lab-on-a-chip devices take the best aspects of existing toxicity testing devices and combine 
them for superior results. First, the compact nature of LOC design means that for the first 
time, one can have benchtop perfusion-based toxicity testing devices. These set-ups are so 
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compact that they occupy significantly less bench space as traditional glass jar static testing 
arrangements (Figure 1.18).  
 
Figure 1.18 Comparative photographs illustrating A) Traditional glass jar experimental setup occupying significant bench 
space and B) The size of a millifluidic toxicity testing chamber. 
Lab-on-a-chip devices also have the advantage of being fully self-contained; unlike many 
ecotoxicological tests that are carried out in beakers or tanks, LOC tests are sealed from the 
environment, meaning there is reduced evaporation and volatilisation of organic chemicals 
[152, 153]. This reduction in loss means that less toxicant can be used overall during testing, 
which is beneficial for all involved, since a paradoxical issue with toxicant testing is that to test 
the waste researchers must first create more of it. 
Valves, mixers and channels can all be embedded directly into the LOC device during creation 
to further reduce the amount of supporting equipment that is required to run the test. Figure 
1.19 demonstrates how a mixing array can be embedded into a LOC device to create a 
concentration gradient within the test chamber. This method requires only two pumps and 
inlets; however, it can generate many more internal concentrations. 
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Figure 1.19 An example of a microfluidic mixing array. Two individual flows are introduced at the top of the image creating a 
series of concentration gradients. With each additional layer added to the mixing tree, an additional gradient is added to the 
final chamber (bottom). Reproduced with permission from Elselvier. 
Microelectromechanical devices can also be easily integrated into LOC systems. Sensors 
capable of measuring dissolved oxygen, conductivity, temperature and light facilitate 
persistent real-time monitoring of important test parameters. In 2015, Zhu et al. described a 
millifluidic LOC device capable of quantifying real-time metabolic rates of 21 individual 
zebrafish embryos by monitoring oxygen consumption rates [154]. This work represented a 
dramatic reduction in the size of equipment required to conduct oxygen consumption testing. 
In addition, the LOC implementation of measuring oxygen consumption was significantly less 
expensive than existing technologies such as respiration chambers. At the time of writing, a 
‘complete medium chamber system’ from Loligo Systems capable of recording up to eight 
respiration channels simultaneously starts from 15,500 EUR (~24,000 AUD) [155], making it a 
significant investment for any laboratory. By comparison, the proof-of-concept system 
presented by Zhu et. al. (2015) was reported to have cost under $50 AUD. 
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Lab-on-a-chip systems have also been incorporated into direct observational sub-lethal 
behavioural analysis studies with aquatic invertebrates. Some of the earliest behavioural 
studies were conducted on Caenorhabditis elegans due to its known chemosensory behaviour 
[156, 157]. A 2011 landmark study by Albrecht and Bargmann assessed several chemotactic 
endpoints only possible in a microfluidic perfusion-based environment. The tests included 
pulsed exposures of the entire chamber, spatial steps where the chamber was divided into 
five equal sections of which three were clean and two were contaminated and a spatial 
gradient where the contaminant concentration gradually increased from one side of the 
chamber to the other (Figure 1.20) [158]. 
 
Figure 1.20 Microfluidic experiments with the nematode C. elegans. A) entire LOC device illustrating the perfusion dynamics 
of the device. B) The PDMS matrix that C. elegans was to navigate. Bottom left inset shows an angular view of the PDMS posts 
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and bottom right inset illustrates the relative size of C. elegans (shown in black with the letter ‘W’) to the channels it was 
navigating. C) Pumpless design that used a gravity feed to perfuse fluids through the device. D) Pulse exposure perfusing entire 
chamber uniformly.  E) Spatial step perfusion generating distinct zones where concentration is significantly different. F) Spatial 
gradient with a low concentration at one end and high concentration at the opposite. Reproduced from reference 101 with 
permission from Nature Methods. 
Albrecht and Bargmann (2011) were able to demonstrate that with the aid of recording 
equipment and automated tracking software, sensitive endpoints such as changes in 
preference for one region over another and avoidance behaviour could be accurately 
quantified in a microfluidic environment [158]. 
Huang et al.’s (2015) study was one of the first to apply the same techniques with free 
swimming aquatic invertebrates to measure avoidance behaviour in response to toxicants 
[159]. Using potassium dichromate as reference toxicant, Huang et al. (2015) were able to 
quantitatively measure the active avoidance response in daphnids and Artemia. This was 
achieved by creating a spatial step in a microfluidic environment dividing the chamber in half, 
designating one half as clean, uncontaminated medium and the other as contaminated with 
40 mg/L of potassium dichromate (Figure 1.21). 
Despite promising initial results, it was found that the daphnids and Artemia tested did not 
exhibit any measurably significant negative chemotactic responses [112]. The authors 
suggested that insufficient recording time (2 minutes per timepoint) may have been the cause 
of the null result. Previous studies have noted that abnormal swimming behaviour in aquatic 
invertebrates typically begins after several hours of exposure [160, 161]. 
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Figure 1.21 Spatial step microfluidic design for evaluating avoidance behaviour from Artemia franciscana A) Schematic 
illustration of the LOC device with illustration of fluid flow directions. B) Final design fabricated ready for application. 
 
1.5. Thesis aims and objectives 
 
The research conducted within this project is a step towards the development and 
standardisation of LOC devices within the wider field of aquatic toxicological testing. There is 
a profound lack of reliable platforms for caging and testing sub-lethal responses with aquatic 
invertebrates. 
The objectives of this thesis are as follows: 
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I. To design and fabricate a laser micromachined millifluidic LOC device that is capable 
of effectively caging the marine amphipod Allorchestes compressa to facilitate both 
traditional lethal toxicity testing and sub-lethal behavioural testing in a perfusion-
based environment. 
II. To design and develop a methodology for fabricating high-aspect ratio structures in 
photolithography which can be used as a master mould for rapid generation of high 
resolution PDMS-based LOC devices. 
III. To develop a PDMS based microfluidic LOC device capable of caging small model 
aquatic invertebrates for acute analysis of swimming behaviour and chemotactic 
responses. 
In this thesis, chapter 2 describes the general methodology for fabrication of LOC devices, 
culturing of test organisms, lethal and sub-lethal toxicity testing and video acquisition and 
analysis. Chapter 3 describes a novel millifluidic device fabricated by laser micromachining 
that facilitates perfusion-based toxicity testing with A. compressa. Chapter 4 explores a gap in 
fabrication techniques for designs that require both fine structures (channels <30 µm wide) 
and a z-height of >250 µm and proposes a new methodology to suit. Chapter 5 describes a 
PDMS-based design based on the work from chapter 4, that was capable of effectively caging 
organisms as small as 50 µm wide for behavioural analysis. The thesis is concluded with a 
summary of the impact of the research presented herein as well as perceived limitations and 
proposals for further research. 
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2. Methods 
 
This chapter presents the materials and methods that were common amongst all experiments. 
All experimental methodology used in this thesis is also described, including; LOC device 
design, prototyping methods, test organism culturing, toxicity testing as well as data 
acquisition and analysis. 
2.1. Chemicals and Materials 
 
2.1.1. Toxicants 
 
The following chemicals used in this research were purchased from Sigma-Aldrich (Sigma-
Aldrich, Australia); copper (II) chloride dihydrate (CuCl2.2H2O), cadmium chloride (CdCl2), 
Manganese (II) sulphate monohydrate [Mn(H2O)6]2+, Potassium dichromate (K2Cr2O7), nickel 
(II) chloride hexahydrate (NiCl2.6H2O), zinc chloride (ZnCl2), toluene, naphthalene, 
phenanthrene, fluoranthene, ethanol, caffeine and dimethyl sulfoxide (DMSO). These 
toxicants were dissolved directly into culture medium in volumetric flasks and serially diluted 
to the appropriate test concentrations. 
Ibuprofen and 3,4-Dicholoroaniline that were also purchased from Sigma-Aldrich (Sigma-
Aldrich, Sydney) required a solvent to achieve meaningful test concentrations. As such, each 
were dissolved into DMSO at a concentration of 20 mg/mL. Test concentrations were then 
derived by serially diluting the concentrate into the appropriate volume of culture medium to 
achieve the desired test concentrations. As per OECD guidelines, a solvent-only control was 
employed alongside the standard control that matched the highest concentration used in any 
given test [52]. 
2.1.2. Culture Media 
Amphipods were kept in natural sea water collected from Port Phillip Bay, Victoria, Australia 
and delivered to holding tanks at RMIT University Bundoora West Campus. The water was 
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stored at 4 ± 2 °C to reduce algal growth and constantly filtered through a UV irradiation 
system and 5 µm filter. Water was decanted into 20L buckets and stored and aerated at the 
same temperature as the amphipods for 48 hours before testing to allow it to acclimate to the 
constant temperature room ambient of 18 ± 1°C. 
Standard freshwater for the rotifer cultures was similar to the paramecium culture medium, 
however, the suppliers of the Rototox kit supplied vials of pre-concentrated salts that used 
calcium sulphate (CaSO4) rather than calcium chloride dihydrate (CaCl2.2H2O). For the sake of 
consistency, this was maintained through the experiments. As with the paramecium stock, 
super concentrate stocks were prepared in advance and stored at 4 ± 2°C before being brought 
up to temperature and aerated for testing. 
A standard freshwater medium for culturing paramecium consisted of KCl (5.75 mg/L), 
NaHCO3 (67.75 mg/L), MgSO4·7H2O (123.25 mg/L), and CaCl2·2H2O (294 mg/L). To make 
stock preparation less time consuming, a super concentrate was prepared by making a 100 x 
strength solution for each individual salt in deionised water and stored at 4 ± 2°C. Test 
solutions were prepared 12 - 24 hours before use to allow the solutions to come up to 
temperature and aerated for 20 minutes. 
2.2. Biological Test Specimens 
 
2.2.1. Allorchestes compressa 
 
Wild type adult Allorchestes compressa were collected from the eastern shoreline around 
Swan Bay adjacent to Queenscliff, Victoria, Australia and stored at 18 ± 1 °C. Each of the 
specimens used in toxicity and behavioural testing were 8 mm ± 1 mm in length when resting 
in its natural state on a flat microscope slide. The culture was aerated 24 hours a day to 
maintain dissolved oxygen at >32 PPT and kept in a 12 hour light:dark cycle with a pH 
maintained between 8.1 and 8.3. Salinity was maintained at 33.7 PPT ± 2.1 PPT. 
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All test specimens were acclimated to the laboratory conditions for at least 2 weeks before 
any testing commenced to allow them to acclimate to the lighting and temperature 
conditions. For each replicate, ten adult amphipods were selected at random and loaded into 
the respective test chambers. All tests were run in accordance with USEPA Ecological Effects 
Test Guidelines OPPTS 850.1020. 
2.2.2. Brachionus calyciflorus 
 
Cysts of the freshwater crustacean Brachionus calyciflorus were purchased from 
MicroBioTests (Rototox-Fm MicroBioTests, Inc., Belgium) and stored as per specification in 
darkness at 4 ± 2°C. To stimulate hatching, cysts were added to a Petri dish containing standard 
freshwater, described in section 2.1.2, 16 hours prior to use. The standard freshwater was pre-
aerated for at least 20 minutes and acclimated to the hatching temperature of 25°C before 
adding the cysts. The Petri dish was then incubated atop a lightbox that produced 3500 ± 500 
lux, varying amounts of clear acrylic sheet were used to also maintain the temperature of the 
culture medium. 
2.2.3. Paramecium caudatum 
 
Paramecium caudatum were purchased from Southern Biological (Southern Biological, 
Knoxfield, Australia) and maintained in a culture in the laboratory. P. caudatum culture 
medium was prepared by placing six wheat grass into 500 mL of standard freshwater 
described in section 2.1.2 and boiling for 10 minutes to break down the carbohydrates and 
reduce the chance of unwanted bacterial infection (autoclaving was not necessary). These 
wheat grass seeds provide food for the bacteria that P. caudatum feeds on [162]. 120 mg of 
brewer’s yeast per 500 mL was also added to provide a source of vitamin B, which increases 
the longevity of the culture. 
P. caudatum was sub-cultured every three weeks to maintain a healthy population. In 
subculturing, a fresh 500 mL of culture medium was prepared and acclimated to the same 
temperature as the parent media. 30 mL of paramecium-rich media was then transferred from 
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the parent culture to the sub-culture. The sub-culture was left to grow for a minimum of 7 
days before use in toxicity or behavioural assays. 
2.3. Test analysis protocols 
2.3.1. Traditional toxicity testing 
 
Test organisms employed in traditional toxicity testing regimes were scored in a binary fashion 
as either dead or alive. No sub-lethal observations such as reduced ability to swim or changes 
in phototactic response were incorporated into the results. In the case of A. compressa, it was 
counted as dead when no movement was exhibited for at least 15 seconds. Particular 
attention was paid to the three pleopod pairs on the ventral abdomen. As these pleopods are 
used for respiration, a lack of localised movement was considered an accurate indication of 
mortality. Amphipods that had been dead for several hours before a reading was taken were 
observed to change colour from a light grey to a light cream colour that was similar to the 
exoskeletons that would occasionally be moulted during a test. To prevent any confusion, the 
number of amphipods in each replicate were recorded immediately after being added. 
B. calyciflorus and P. caudatum were much simpler than A. compressa and were observed to 
move continuously rather than in short bursts. Therefore, mortality was defined as the lack of 
any movement for at least ten seconds. Additionally, due to their transparent bodies, internal 
organs could be inspected to confirm mortality. 
 
2.3.2.  Sublethal endpoint analysis and tracking software 
 
Sublethal endpoints were acquired by time-resolved video analysis. A macro script was used 
to record video for the desired duration depending on the experiment. Video files generated 
by camera equipment were only able to be saved in Audio Video Interleaved (AVI) format. AVI 
is an advantageous format to record in as it does not employ any temporal compression which 
means that there is no loss of data between frames. The result was very large file sizes for a 
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given recording period that is classified as loss-less. A typical 10-minute video would be 
approximately 3 GB, thereby making it impractical to record a full 96-hour behavioural test as 
it would amount to 1,700 GB per test. Instead, only the first 10 minutes of a given hour were 
record as shown in Figure 2.1. 
  
 
Figure 2.1 Illustrative example of how recordings were made during sublethal behavioural endpoint tests. The red zone 
denotes that the first 10 minutes of each hour are recorded and the camera remains idles during the remaining 50 minutes. 
 
Other CODECS such as MP4 employ temporal compression that discards data between frames 
which, while being more efficient, can also lead to errors in movement tracking [163]. 
Therefore, once videos had been analysed they were compressed using Adobe Premiere Pro 
(Adobe Systems, San Jose, USA) using the AVI format to a lower bitrate for storage. This 
resulted in only minimal loss in quality and preserved the ability to reanalyse the video at a 
later date. 
Analysis of the recorded video files was processed through several different algorithms 
depending on the required endpoint and equipment being used. ZebraLab (ViewPoint 
Behavior Technology, Lyon, France) was employed with their complementary ZebraBox 
hardware for tracking of A. compressa in multi-well plates. The ZebraBox incorporates an 
infrared CCD camera that is capable of recording in both light and dark environments. This 
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allowed for the analysis of phototactic responses to brief light pulsation and also simulation 
of long-term light/dark cycles to replicate daily rhythms. ZebraLab tracking software is a real-
time analysis tool which is pre-calibrated to auto-detect and classify movement types e.g 
swimming, crawling (where applicable), drifting or inactive. Data is then exported into a 
spreadsheet where it must be statistically analysed by the user. 
LoliTrack V.4 (Loligo ® Systems, Denmark) was the primary tracking algorithm for behavioural 
analysis with all test species. LoliTrack V.4 is not a real-time video analysis algorithm, rather, 
videos must be recorded and manually loaded. Detection thresholds were then calibrated on 
a case-by-case as the in-built ‘Auto-detection’ was found to not produce reliable results. Once 
detection thresholds had been set individual arenas were marked out allowing for 
simultaneous analysis of multiple concentrations. Unfortunately, LoliTrack had a 4 GB file size 
limitation (including the internal tracking files) that restricted it’s use with longer videos. In 
this case videos would be cut down in Adobe Premiere Pro and the results manually tabulated 
after analysis. LoliTrack was capable of tracking up to 24 individual organisms in a single 
chamber or 24 individual chambers with a single organism in each [164]. It was not capable of 
tracking two organisms in two chambers simultaneously however, so experiments were 
planned around this limitation. 
The final tracking algorithm that was used was EthoVision XT V13 (Noldus, Wageningen, The 
Netherlands). EthoVision was not available until late in the research program, thus it was 
under-utilised in these experiments. EthoVision is capable of both real-time and retrospective 
video analysis and was used for tracking the movements of P. caudatum and B. calyciflorus. It 
possesses a significantly more powerful tracking algorithm than LoliTrack with the ability to 
track up to 100 arenas simultaneously with up to 60 organisms per arena [165]. While not 
possible with a single camera, this can be achieved by feeding several cameras into one central 
computer where the video is analysed. 
Each of the behavioural tracking experiments used in this study employed a single camera for 
recording organism movements. In the case of ZebraLab, the video was analysed in real-time 
due to the efficiencies of the software and the effectiveness of tracking given that the software 
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camera and ZebraBox enclosure were all designed to work effectively together. Thus, results 
were produced immediately at the conclusion of the recording. 
LoliTrack and EthoVision, by contrast, incorporated post-recording analysis rather than real-
time. This variation was due to the changing nature of the LOC devices as the design evolved 
leading to the requirement of constant calibration. These calibration steps were conducted to 
ensure that tracking was consistent for the duration the videos and that any debris or other 
high-contrast contaminants did not affect the behavioural results. 
To assist the software with tracking, it was sometimes necessary to remove the background 
with ImageJ (Wayne Rasband, Research Services Branch, National Institute of Mental Health, 
Bethesda, Maryland, USA). This was achieved by exporting the AVI file into individual frames 
in Tagged Image File Format (TIFF). The TIFF image stack was then loaded into ImageJ where 
a multi-frame comparison was performed. Areas of minimal or no change were given a white 
pixel with increasingly dark pixels presented where movement was detected. The result was 
extremely effective at removing data from the video that were not of interest or confounding 
tracking ability (Figure 2.2). 
Once the AVI had been exported into individual TIFF files, it was opened as a ‘Stack’ within 
ImageJ. Then ‘Stk’ -> ‘Z Project’ was selected, this opens a window where parameters could 
be defined. For this process, ‘Median’ was selected which combines all the TIFFs into a single 
median file that is the average of all frames. The next step is to select ‘Process’ -> ’Image 
Calculator’ which brings up an additional prompt. The operation should be set as ‘Subtract’ 
and ‘32-bit float’ should be checked. Once ‘OK’ is selected, ImageJ will automatically export 
an AVI video file as the same frame rate as the original video which can be imported directly 
into the tracking software. 
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Figure 2.2 Illustration depicting the process of removing the background of an AVI format video clip by exporting to TIFF, 
subtracting the difference between frames in ImageJ and re-exporting to AVI format for analysis. Red arrows indicate the 
location of a single P. caudatum before and after background removal. 
Such background removal techniques were necessary as each of the tracking algorithms 
depended upon contrast between the subject being tracked and the background which it was 
moving against. This technique was highly effective at increasing tracking effectiveness and 
reducing the calibration time necessary for each video. 
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2.4. Design and Fabrication 
2.4.1. CAD Software 
 
All 3D design work was conducted using the computer assisted design (CAD) software 
Solidworks 2015 and Solidworks 2016 (Dassault Systems Solidworks Corp, Concord, MA, USA). 
2D design work was carried out with CorelDraw X4 (Corel Corporation, Canada), particularly 
for parts that were destined for micromachining due to the ability to colour code parts 
indicating various cutting or engraving regimes  
2.4.2. Laser Micromachining 
 
All laser micromachining was performed on a 30w CO2 laser cutting machine with high-power 
density focusing optics (HDPFO) (Universal Laser Systems, Scottsdale, AZ, USA). Parts were 
fabricated from PMMA sheets ranging from 0.3 mm to 8mm thick and cut to the full size of 
the working area for the laser of 300 mm x 600 mm. 
If bonding of multiple PMMA layers was required, each piece would be sandwiched between 
glass slides to preserve an optically clear and defect free surface with outer metal backing 
plates to prevent the glass from cracking as light pressure was applied to hold the parts 
together (Figure 2.3). The assembly was then thermally bonded in a fan-assisted oven 
(Heratherm OVM60, Thermo Fisher Scientific, Vic, Australia) at 110 °C for 90 minutes. 
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Figure 2.3 Photograph of PMMA bonding assembly. Glass sides were inserted between the LOC device and the metal 
backing plates to preserve an optically clear surface. 
2.4.3. Additive Layer Manufacturing (3D Printing) 
 
Supporting infrastructure, such as custom mounting apparatus, and custom actuation 
apparatus including peristaltic pump frames were fabricated using fused deposition modelling 
(FDM) with either the uPrint SE (Stratasys, MN, USA) (Figure 2.4 A) or the MakerBot Replicator 
2 (Makerbot, Brooklyn, NY, USA)(Figure 2.4 B). 
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Figure 2.4 3D printers used in fabrication of supporting apparatus A) uPrint SE (Stratasys, MN, USA) and B) MakerBot 
Replicator 2 
The uPrint SE was capable of producing layers as thin as 0.254 mm and printed with 
acrylonitrile butadiene styrene (ABS) while the MakerBot Replicator 2 printed with polylactic 
acid (PLA) and was capable of fabricating a minimum layer thickness of 0.1 mm [166, 167]. 
Files were exported from Solidworks to the 3D printing management software via STL format. 
 
2.4.4. Photolithography 
 
All photolithography work was conducted within a class 100 cleanroom at RMIT’s Micro Nano 
Research Facility (MNRF). Spin coating was conducted with a Laurell 650M Compact spin 
coater system (Laurell Technologies Corporation, PA, USA) inside of a laminar flow fume hood. 
SU-8 negative photoresist (MicroChem, MA, USA) was used in all experiments where liquid 
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phase epoxy was required. Dry film resist SUEX® (DJ Microlaminates, MA, USA) were used as 
a direct application surrogate for liquid SU-8. 
Transparency masks were printed by The Type Factory (Yarraville, Vic, Australia) at an effective 
resolution of 3657 dots per inch (DPI) enabling a minimum resolvable feature resolution of 25 
µm. UV exposures were performed on a KarlSUSS MA 6 mask aligner (SUSS MicroTech, 
Garching, Germany) set to ‘Hard contact’ mode to reduce the airgap between the mask and 
photoresist. Exposure duration was calculated by first extrapolating from the provided SU-8 
3000 data sheet which provides exposure energy (mJ/cm2) for resist layers up to 110 µm and 
then performing a series of exposure durations to determine the most appropriate exposure 
energy. This process is discussed in detail in chapter 4 as it forms an import part of the 
methodological process specific to this chapter. 
 
Figure 2.5 Photograph of the KarlSUSS MA 6 mask aligner (SUSS MicroTech, Garching, Germany) used for all UV exposures. 
Prior to application of the photoresist, all wafers were sonicated for 30 seconds in acetone 
solution to remove any contaminants from the surface of the wafer. They were then 
immediately rinsed with deionised water and dried with nitrogen gas before a final 
dehydration step. Silicon wafers were dehydrated at 150 °C for 10 minutes on a hotplate and 
PMMA wafers were dehydrated at 90 °C for 45 minutes. The lower temperature, long duration 
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was required due to the glass transition temperature of PMMA being 119 °C, causing reduced 
structural integrity as substrate temperatures approach this temperature, and the poor 
thermal conductivity of PMMA compared to silicon. 
Adhesion to the wafer surfaces was improved by applying hexamethyldisilizane (HMDS) to the 
surface of all wafers in the Laurell spin coater and baking for 30 minutes on a hot plate inside 
a fume hood. Once the wafers had cooled back to room temperature (20 ± 1 °C), photoresist 
was applied immediately.  
2.4.5. Polydimethylsiloxane (PDMS) casting 
 
Once the SU-8 master mould had been fabricated it was surface treated with 1H, 1H, 2H, 2H-
Perflurorododecyltrichlorosilane (PFTDS) (97% Sigma-Aldrich, Australia) in a sealed LC-200 
glovebox system (LC Technology Solutions INC, MA, USA). The wafer was taped to the inside 
of Petri dish base and cycled into the glovebox via loading chamber to prevent oxygen from 
entering the internal atmosphere. 30 µL of PFTDS was then pipetted into the lid of the Petri 
dish and the base with the wafer taped onto it was placed upside down over the lid so the 
wafer was suspended directly above the PFTDS. The assembly was then placed inside a 
dissector and pumped down to < 50 Torr and left for 20 minutes for vapour deposition. Once 
complete the wafer was removed from the desiccator, rinsed thoroughly with deionised 
water, and baked on a hot plate for 30 minutes at 90 °C to covalently bond the silane. 
This process, known as silanisation, coats the surface of the wafer with organofunctional 
alkoxysilane and SU-8 structure to create a layer that will not allow subsequent PDMS 
application to strongly bond to the substrate [168]. This facilitates an easy release of high 
aspect-ratio features that might otherwise get damaged upon removal. 
PDMS (PDMS; Sylgard 184 DowCorning Corp, MI, USA) was prepared by thoroughly mixing an 
elastomer base with a curing agent at a ratio of 10:1 (w/w) and degassing the resulting mixture 
at < 50 Torr for at least 30 minutes. PDMS was then poured onto a master mould to generate 
an approximate substrate thickness of 7 ± 1 mm. The process of pouring inevitably introduced 
some additional bubbles to the PDMS mixture thus another brief round of degassing was 
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performed to remove them. Once degassed a second time, the mould was placed inside an 
oven at 70 ± 1 °C and baked for 90 minutes to accelerate the curing process. After being 
allowed to cool down to room temperature, the master mould was removed from the PDMS 
leaving the desired structure imprinted in the base. The necessary tubing holes were punched 
through the PDMS at this stage before being placed into an oxygen plasma cleaner (PDC-002, 
Harrick Plasma, NY, USA) with a single borosilicate microscope slide and treated for 2 minutes. 
The PDMS and slide were then removed from the oxygen plasma chamber and immediately 
bonded by firmly pressing them together. This resulted in a permanent and leak-free seal 
between the PDMS and glass. 
2.5. Metrology 
 
All metrology was conducted on two machines within MNRF. Physical analysis of surface 
flatness, edge bead and layer thickness was performed with the Dektak XT surface profiler 
(Bruker Corporation, MA, USA). 3D optical surface analysis was performed with the ContourGT 
(Bruker Corporation, MA, USA). The ContourGT is capable of measuring surface roughness as 
well as assessing structural sidewall integrity and channel development of uncured 
photoresist. 
2.6. Scanning Electron Microscopy 
 
Three scanning electron microscopes were used for final surface analysis depending on 
availability, they included: Phillips XL30 (Phillips, Amsterdam, Netherlands), FEI Quanta 200 
ESEM (Thermo Fisher Scientific, Vic, Australia) and the Vega3 SEM (TESCAN, Czech Republic). 
All samples were prepared by coating with a gold layer of approximately 20 nm thickness. This 
was achieved with a gold sputter coater operating at 18mV for 60 seconds in a vacuum 
chamber with an internal pressure of < 50 Torr. 
2.7. Computational Fluid Dynamics (CFD) simulation 
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All microfluidic designs were tested prior to fabrication with the CFD software COMSOL 
Multiphysics® (COMSOL Inc, MA, USA) by creating a geometrical mesh and simulating flow 
conditions throughout the device. Boundary conditions were defined as non-slip at all surfaces 
and an inlet pressure was defined by the mass flow rate appropriate for the experiment. These 
CFD results informed design choices, such as chamber structure and channel length and 
offered high-confidence simulations of how fabricated devices would perform. 
2.8. Microfluidic test operation 
2.8.1. Mechatronic fluid actuation 
 
All tests with A. compressa were perfused with a custom made peristaltic pump design based 
on Dynamixel MX-64 robotic actuators (Robitis Ltd, Seoul, South Korea). A 3D printed 
superstructure was mounted to the MX-64 actuator as seen in Figure 2.6 (A-C) to provide a 
low-cost pathway to simultaneous multichannel perfusion. The required 3D printed parts 
were designed in Solidworks 2016 and fabricated on the Makerbot Replicator 2 from PLA via 
fused deposition modelling. MX-64 actuators were controlled by the CM-530 microcontroller 
(Robotis Ltd) which were programmed by PC’s running RoboPlus (Robotis Ltd) software. 
For experiments with B. calyciflorus and P. caudatum, a flowrate below that capable of the 
MX-64 was required and thus the Gilson Minipuls3 Evolution (Gilson Inc, WI, USA) was used 
Figure 2.6 (D). The Minipuls3 evolution was capable of perfusing up to 8 channels 
simultaneously at a constant flowrate with extension attachments. 
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Figure 2.6 Mechatronic fluid actuation equipment used for perfusion A) Mini peristaltic pump custom made from a 3D 
printed superstructure and internal actuation arm with stainless steel roller bearings, B-C) alternate views illustrating how 
the pump is constructed and D) Gilson Minipuls3 Evolution (Gilson Inc, WI, USA) peristaltic pump that was required for very 
low flowrates. 
2.8.2. Tubing 
 
All tubing used was sourced from Cole-Parmer (Cole-Parmer, Vernon Hills, IL, USA). For the 
custom-made MX-64 peristaltic pumps, platinum-cured silicon tubing with an internal 
diameter of 1.6 mm and external diameter of 3.2 mm was used between the 3D printed super 
structure and the roller bearings to actuate the flow. The tubing was replaced every 24 hours 
of use as it was prone to cracking after the prolonged compression cycles generated by the 
bearings. To connect the pump to the LOC devices, polyurethane tubing was used for A. 
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compressa and polyether ether ketone (PEEK) tubing was used for B. calyciflorus and P. 
caudatum experiments.  
2.8.3. Cameras 
 
Standard stereoscopic and high-magnification time-resolved imagery was acquired with a 
Nikon stereomicroscope (Nikon Corporation, Tokyo, Japan) paired with a 2.8-megapixel 
passively cooled Infinity3-3 CMOS digital camera (Lumenera Corporation, Ottawa, Canada). 
The camera had a maximum frame rate of 120 FPS over the USB 3.0 Bus. The Infinity3-3 was 
used for recording all experiments with B. calyciflorus and P. caudatum. The light source was 
provided by an inbuilt variable brightness LED panel below the stage of the microscope. 
For recording A. compressa experiments, a more portable camera was required as the 
experiments were carried out in a separate constant temperature room. In this case, the Micro 
Eye USB 3.0 miniature camera (IDS Imaging Development Systems, GmbH, Germany) was 
combined with a high-quality manual prime lens with a focal length of 12.5mm and an 
aperture range of F1.4-16 (Goyo Optical Inc, Japan). The Micro Eye was capable of recording 
at a resolution of 2048 x 2048 pixels with a maximum speed of 80 FPS. Both cameras facilitated 
fully automated interval recording via a programmable software interface. The light source 
was provided by ambient room LED lighting. 
2.9. Data Analysis 
 
Mortality data was analysed using both Office Excel 365 (Microsoft, WA, USA) and ToxRat 
Professional 3.1 (ToxRat Solutions, GmbH, Alsdorf, Germany). Excel 365 had the Real Statistics 
Data Analysis Toolkit installed to assist with processing the vast data sets reliably. Upon 
concluding the data gathering steps of a behavioural analysis test, the following statistical 
analysis was performed: 
1: Run a Shapiro-Wilk test for normality [169]. 
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2: If data was not found to be normally distributed, the data needed to be transformed to 
create symmetry and step 1 repeated [170]. If normal, proceeded to step 3. 
3: Run Levene’s tests for homogeneity of variances [171]. If variances were equal, an ANOVA 
was run. If variances are not equal, a Kruskal-Wallis test was run instead [172]. 
4: Post-hoc Tukey’s HSD for two factor ANOVA [173]. 
Video files of test organism’s movements were analysed with Lolitrack V. 4 and Ethovision XT 
10 as discussed in section 2.3.2. However, it was also necessary to manually review graphical 
outputs from both programs - such as heat maps and tracking paths - to ensure the software 
had correctly followed the test organism’s movements. 
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3. Amphipod chip 
3.1. Introduction 
 
Amphipods have been widely used within environmental toxicological studies in marine, 
estuarine and freshwater environments for over 90 years, with a significant increase in use in 
recent decades. These macroscopic arthropods are primarily benthic marine detritivores, 
though many species commonly used in toxicity testing are found in freshwater environments 
[174]. Amphipods are an important component of marine food webs, acting as a food source 
for juvenile fish and accelerating nutrient cycles by recycling decaying organic matter [93]. 
The continued use of amphipods in ecotoxicology can be attributed to their known toxicant 
sensitivity, global distribution, ease of culturing and multiple available endpoints [92, 93, 175]. 
The species used in this research, Allorchestes compressa, was selected for its relevance to the 
local ecosystem in addition to the previously stated benefits. Previous studies have shown 
that sub-lethal behavioural changes in amphipod species are indeed a sensitive and reliable 
endpoint for assessing the toxicity of chemical compounds as well as biomonitoring efforts 
[107, 176]. 
The most substantial barrier to a broader adoption of these sub-lethal endpoints is a 
deficiency of cost-effective, user-friendly automated analytical equipment. Such equipment 
has the benefit of reducing operator bias and subjectivity thereby improving the accuracy of 
data that is being reported [177]. Current methods for testing continue to be carried out 
manually in static environments such as multi-well plates and large glass jars which is 
laborious, time consuming and inherently low-throughput. 
In this chapter, I present a proof-of-concept design of a mesofludic perfusion-based LOC for 
caging and monitoring behavioural effects of aquatic toxicants on A. compressa. The design 
was verified by CFD simulations to ensure complete mass transfer and validated as 
biocompatible for A. compressa. A series of time-resolved experiments were conducted with 
reference heavy metals and aromatic hydrocarbons to assess the impact upon behavioural 
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parameters to investigate the feasibility of LOC for A. compressa. To support this analysis, a 
closed-loop mechatronic perfusion-based system was developed to interface with video 
recording equipment to improve functionality. 
3.2. Chip design and operation 
 
The mesofluidic LOC device was fabricated from four layers of laser micromachined PMMA 
culminating to a total thickness of 12 mm. The device’s external dimensions were 60 x 25 mm 
and the interior toxicity testing chamber measured 54 mm x 17 mm. Filter points used to 
prevent amphipods from escaping were specified as 0.5 mm and substrate points used to 
allow amphipods to attach to were 0.9 mm. These dimensions were sufficient for trapping 
adult A. compressa that would typically measure 8 ± 1 mm while facilitating sufficient flow 
through the device. 
 
Figure 3.1 Critical measurements of final amphipod chip design (in mm) used for caging and tracking amphipod. Overall outer 
dimensions are equal to 60 x 25 mm with the inner toxicity testing chamber measuring 54 mm x 17 mm. Filter holes to prevent 
amphipods from escaping measure 0.5 mm and substrate points for the amphipods to attach to were 0.9 mm. These substrate 
holes only went through the base of the toxicity testing chamber and were sealed at the bottom by the LOC bottom layer. 
Figure 3.2 illustrates an exploded view of the PMMA layers rendered in a non-transparent 
darker colour for clarity. The bottom layer includes two threaded holes, inlet and outlet, for 
attaching fittings to facilitate perfusion as well as a larger threaded hole for loading of 
amphipods. The inlet and outlet holes on the bottom layer directly align with the filter holes 
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on the chamber floor layer to allow flow but effectively cage the amphipods from escaping 
down the connecting tubing. The chambers walls are 4.5 mm thick to allow the amphipods to 
freely rotate to their preferred orientation while keeping any swimming behaviour solely in 
the X and Y plane so the movements could be accurately tracked. The final top layer seals off 
the chamber walls and provides a clear view of the test organisms within. The layers were 
bound together thermally at 120 °C for 90 minutes in an oven. 
 
Figure 3.2 Exploded view of the chip design with the individual parts rendered in a non-transparent darker colour for clarity. 
The bottom layer has an inlet and outlet for perfusion and a loading port for passing amphipods through to the test chamber. 
The chamber floors have filter holes to prevent amphipods from passing into the connecting tubing and substrate points for 
the amphipods to attach to. The chamber walls are 4.5 mm high to allow for amphipod movement, this layer forms the main 
toxicity testing chamber. The final top layer seals the toxicity testing chamber and allows for viewing of the caged amphipods. 
To interface the LOC device with the perfusion assembly a reliable, leak-free and user-friendly 
connection was developed (Figure 3.3). A matching thread for a Luer fitting was tapped into 
the bottom layer of the LOC device and sealed with an O-ring and a washer. Tubing was then 
press-fit onto a 1.9 mm barb with a Luer fitting at the opposite end which allowed direct 
fitment to the LOC device (Figure 3.3 C). 
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Figure 3.3 Fittings developed for interface between the LOC device and connecting tubing. A) Macro photograph illustrating 
components required for installing the Luer fitting into the LOC device. B) Photograph of back side of LOC device showing Luer 
fittings installed (inlet) and ready for installation (outlet). C) Macro photograph illustrating components required for installing 
the Luer fitting into the LOC device (expanded inset from red rectangle in B). 
Before loading any specimens, the chamber was first flushed with 70% (w/w) ethanol to clean 
the LOC device and tubing as well as pre-treat the interior surfaces which assisted in purging 
air bubbles from the toxicity chamber. Clean seawater was then run through the LOC device 
for 10 minutes to clear the ethanol and then amphipods were added via the loading port and 
the chamber was sealed with an M6 grub screw in the loading port as seen in Figure 3.3 (A). 
3.3. Perfusion assembly and video recording equipment 
 
A key benefit of video recording a perfusion-based LOC design is the ability to automate the 
collection of results such that they can be analysed at a later time. To date, a large proportion 
of behavioural analysis research has focused on short-term observations, typically over just a 
few minutes or hours. With automated time-resolved video recording, data can be reliably 
recorded over long time-periods. In order to achieve this goal, a closed-loop perfusion-based 
support system was developed to complement the LOC chip-based design as seen in Figure 
3.4. 
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Figure 3.4 Complete closed-loop perfusion-based system. A) Photograph of 40 mL reservoir at the rear, mechatronic servos 
with 3D printed superstructures to function as peristaltic pumps and a 3D printed support structure to mount the 
components. The CM-530 micro-controller was omitted for clarity. B) Expanded macro photograph illustrating amphipods 
that have been loaded into the LOC chip-based device and are attached to the substrate points. 
To record the movements of A. compressa within the LOC device, a USB microeye camera was 
mounted to a custom designed and 3D printed support stand directly above the apparatus ( 
Figure 3.5 A). The USB camera was programmed to record the first 10 minutes of movement 
in every hour as a representative sample for the duration of the 96-hour long test. This was 
achieved by using a customised Python script to activate third party recording software that 
was linked to the camera. Each camera was capable of recording up to six chambers 
simultaneously to increase throughput and reduce the number of USB cameras required to 
run a behavioural analysis test. Perfusion of the test medium was initiated manually and then 
would run uninterrupted for 24 hours until the toxicant reservoir required replenishment. This 
highlighted another key advantage of a closed-loop perfusion-based design for renewing the 
test medium. Unlike static renewal, where animals must be manually handled or manipulated 
to replace a significant portion of the test medium as is required for long-duration testing, this 
LOC design allowed for > 90% renewal of medium by temporarily pausing perfusion and 
replacing the media in the toxicant reservoir. 
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Figure 3.5 A) Photograph illustrating how the USB camera was mounted for behavioural tracking of amphipods within the 
LOC devices and; B) examples of subsequent tracking of amphipod trajectories (10 seconds) within the device. 
3.4. CFD simulations of flow conditions 
 
CFD simulations are indispensable for creating stable and consistent long-term microperfusion 
in toxicity testing. These validations of chip designs enabled rapid prediction of stream 
velocities, pressure drop and mass transfer throughout the device. Aberrations in these 
parameters can lead to behavioural changes thus it is imperative that the environment remain 
constant.  
3.4.1. Velocity and pressure fluid dynamics 
 
Figure 3.6 illustrates the flow velocities across each of the domains within the LOC device. At 
the selected flow rate of 1 mL/min, the fluid velocity at the inlet was between 8 and 12 mm/s. 
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Fluid velocity was substantially increased as it passed through the filter holes peaking at a 
maximum calculated speed of 60 mm/s. Importantly, however, velocities within the chamber 
were significantly slower at only 0.55 mm/s (Figure 3.6). 
 
Figure 3.6 CFD simulations colour coded by velocity (mm/s) through the chip at a mass flow rate of 1 mL/min. A) Overview of 
entire LOC device illustrating streamline flow through the entire interior volume and direction of flow. B) Close up of outlet 
and associated filter holes and; C) Cross-sectional slice illustration of fluid velocity through filter holes which form the primary 
restriction out of the LOC device. 
Due to the relatively low flow rate enabled by the LOC design and pumping manifold, the 
pressure drop was also negligible. A difference of only 4 Pa was calculated between the inlet 
and outlet tubing (Figure 3.7). This low-pressure differential not only reduced the likelihood 
of leaks, but combined with the low internal velocities, provided an ideal low-stress 
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environment for A. compressa. Previous studies have indicated that such conditions are 
appropriate for LOC-style microenvironments for a range of organisms from single cells to 
zebrafish embryos [178, 179]. 
 
Figure 3.7 Pressure drop between the inlet and outlet of LOC device. Colours indicate relative drop in pressure from high 
(red) to low (blue). A total drop of only 4 Pa was calculated between inlet and outlet tubing. 
3.4.2. Mass transfer fluid dynamics 
 
A uniform mass transfer is critically important when constructing a perfusion-based testing 
environment. Unforeseen flow behaviour can inadvertently create eddies or stagnant areas 
that are not effectively replaced leading to potential variations in toxicant concentration or 
localised anoxic regions. CFD analysis was performed on the amphipod LOC design prior to 
fabrication, it was predicted that, with a flow rate of 1 mL/min, a complete mass transfer 
would occur within 90 seconds (Figure 3.8). The prediction was subsequently experimentally 
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validated by perfusing a Trypan blue solution (0.04% v/v) through the LOC device at a flow 
rate of 1 mL/min. While the CFD model had predicted some minor areas of no mass transfer 
adjacent to the fluid outlet, the experimental validation showed that the whole chamber was 
indeed exchanged. Additionally, the experimental results show a slightly unequal flow balance 
at 30 s and 60 s which is likely due to the angle of the tubing as it curves up towards to the 
LOC device. Minor discrepancies between CFD analysis and experimental results are common 
due to the simulations not being capable of mapping flow down to the most minor details, 
however, in this case the results were extremely accurate overall. 
 
Figure 3.8 Time-resolved comparative analysis of CFD predictions (A) and experimental validation with a blue dye (B) of the 
time taken for a full mass transfer to occur. A flow rate of 1mL/min was used for validation of mass transfer. Black arrows 
indicate direction of flow. 
3.5. Validation of A. compressa survival and behaviour in LOC conditions 
 
There are no previously published records of A. compressa being effectively caged in a 
microperfusion LOC environment. Therefore, prior to the commencement of any toxicity 
testing the system was validated to ensure that healthy adult A. compressa would survive 
within the chip environment when perfused with clean sea water. 
  
A) 
B) 
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3.5.1. Flow rate optimisation 
 
First, a suite of flow rates were perfused through the chip between 0.1 and 5 mL/min for 96 
hours. Each flow rate was run in triplicate with each chip containing 10 adult A. compressa. 
The combined volume of the closed-loop perfusion circuit was 50 mL and the water was 
renewed every 24 hours as per OECD and USEPA guidelines for renewal testing. It was 
observed that once the flow rate was reduced below 0.25 mL/min amphipod 96-hour survival 
rates begun to fall. Ultimately, a flow rate of 1.2 mL/min was selected to provide a significant 
buffer beyond where mortality was induced. Flow rates above this increased both the audible 
volume and heat output of the mechatronic servo pumps. Since the pumps were to be 
operated for long periods continuously a lower heat output was preferable for durability.  
 
Figure 3.9 A. compressa survival with LOC device at various flow rates over 96 hours. LOC device was perfused only with 
clean seawater in a close-loop system. Total circulating volume was 50 mL. 
Subsequently, a comparison between stop-flow conditions and a 1.2 mL/min flow rate was 
performed to determine the baseline movements of A. compressa in a clean LOC environment. 
Due to the construction material, PMMA, being impermeable to oxygen A. compressa 
swimming activity rapidly decreased over the first 12 hours of the analysis after which all test 
organisms were dead. In the standard flow rate of 1.2mL/min chamber, activity was shown to 
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be significantly elevated above baseline for the first 6 hours and stabilised by 12 hours (Figure 
3.10). 
 
Figure 3.10 Comparison between swimming distance (mm/10 min) of A. compressa in no flow and 1.2mL/min flow conditions 
over 48 hours. 
This behaviour was deemed an escape response and was allowed for by acclimating A. 
compressa in the test environment for at least 12 hours before beginning perfusion of the 
selected test toxicant. 
High flow rates were also examined for any deleterious effects upon A. compressa such as 
being dragged towards the outlet by the current. It was observed that even at 5 mL/min the 
interior current was ~2 mm/s, well below the observed normal swimming speed of A. 
compressa which can burst swim as fast as 40 mm/s and typically swims between 10 and 15 
mm/s. Total swimming distance measured in the first 10 minutes of a given hour was not 
significantly different for any of the flow rates tested from the lowest proposed rate of 1.2 
mL/min up to the peristaltic pump maximum of 5 mL/min Figure 3.11. 
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Figure 3.11 Comparison between swimming distance (mm/10 min) of A. compressa at various flow rates from the proposed 
flow rate of 1.2 mL/min up to the peristaltic pump maximum of 5 mL/min. 
3.5.2. Chamber size optimisation 
 
It was also necessary to ensure that A. compressa were not unduly stressed by the size of the 
chamber being employed. Four different size chambers were fabricated to test amphipod 
behavioural responses to spatial restriction as described in Table 3.1. 
Table 3.1 Size of various chambers used to test for spatial restriction. All chambers were 4.5 mm deep and a consistent flow 
rate of 1.2 mL/min was maintained across all chambers. 
Chamber name Chamber length (mm) Chamber width (mm) 
A (proposed design) 54 17 
B 54 34 
C 108 17 
D 108 34 
 
Chamber A represents the proposed design that was previously validated for survival, and 
flow rate. Each of the chambers maintained a stable flow rate of 1.2 mL/min and all 
chambers were an equal depth of 4.5 mm. Chamber designs were either double the width, 
73 
 
double the height or both compared to the proposed dimensions to represent significant 
increases. The start time of the test was normalised to 14 hours of pre-test acclimation to 
account for the observed stress response previously seen in Figure 3.10 and Figure 3.11. 
 
Figure 3.12 Time-normalised swimming distances (cm/min) of A. compressa in A) proposed chamber size of 54 x 17mm, B) 
chamber size of 54 x 34 mm, C) chamber size of 108 x 17mm and, D) chamber size of 108 x 34 mm. 
A. compressa swimming distance was significantly increased in chambers C and D at most time 
points compared with chambers A and B. The observed variation was due to the tendency of 
A. compressa to swim from inlet to outlet of the chip more prominently than from top to 
bottom. Thus, in most cases it would continue swimming until it reached the chamber walls 
(Figure 3.12).  
While the variance in swimming behaviour between chamber sizes was significantly different 
in many cases, it was not obviously beneficial compared with the smaller design and did 
apparently introduce more variation than was seen in the smaller chambers. Moreover, an 
important consideration in chamber design is how many can be simultaneously recorded by a 
single camera. In this sense, smaller chamber sizes are better as fewer cameras are required 
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to run multiple LOC devices simultaneously. As a result, chamber A was selected as the 
standard test chamber for all toxicity and behavioural tests with A. compressa. 
3.6. Validation of on-chip toxicity against traditional methods 
 
Since A. compressa had never been used for toxicity testing in a perfusion-based LOC device, 
it was necessary to ensure that standard reference toxicants would elicit the same mortality 
results as are observed in traditional glass jar environments. Without this comparison, 
behavioural changes in subsequent testing would be unreliable. 
Subsequent to the biocompatibility validation assays, A. compressa were exposed to five 
different reference metals to assess comparative toxicity between glass jar and LOC 
environments. These included: copper chloride (0-8 mg/L Sigma Aldrich), cadmium chloride 
(0-10 mg/L Sigma Aldrich), manganese (II) sulphate (0-10 mg/L Sigma Aldrich), zinc chloride 
(0-12 mg/L) and nickel chloride (0-340 mg/L Sigma Aldrich). 
48-hour LC50 values for copper chloride obtained from the LOC device were closely aligned 
with those derived from the static glass jar experiments. 2.89 mg/L and 2.85 mg/L were 
attained from perfusion-based analysis and static testing respectively (Figure 3.13 A). 
Correlation coefficients between the two test environments revealed an R2 value of 0.95 for 
the Pearson and Lee linear correlation analysis (p<0.01) (Figure 3.13 B). Cadmium chloride 48-
hour LC50 values of 3.55 mg/L and 3.75 mg/L were determined for the LOC device and static 
glass jar respectively with an R2 value of 0.99 (p<0.01)(Figure 3.13 C-D). Additionally, tests with 
manganese (II) sulphate 48-hour LC50 values were 4.03 mg/L and 3.86 mg/L (R2 value of 0.99) 
with the LOC device and glass jar respectively(Figure 3.13 E-F). 
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Figure 3.13 Comparison of toxicity between tests conducted within the perfusion-based LOC environment and traditional static 
1 L glass jars. Mortality results in response to exposure to A) copper chloride, C) cadmium chloride and D) manganese (II) 
sulphate. Correlation coefficient of B) copper chloride, D) cadmium chloride and E) manganese (II) sulphate between glass jar 
and LOC environments. Very strong correlation between methods was observed. Error bars represent standard error between 
replicates. (Reprinted with permission from Elsevier) 
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A strong similarity between both environments continued with zinc chloride (0-12 mg/L, Sigma 
Aldrich) where 48-hour LC50 values were 2.36 mg/L and 2.32 mg/L (R2 value = 0.94) for the LOC 
device and glass environment respectively. Finally, the last metal tested was nickel chloride 
which reported 48-hour LC50 values of 49.42 mg/L and 44.33 mg/L (R2 value = 0.96) for LOC 
and glass environments respectively. 
 
Figure 3.14 Comparison of toxicity between tests conducted within the perfusion-based LOC environment and traditional static 
1 L glass jars. Mortality results in response to exposure to A) zinc chloride and C) nickel. Correlation coefficient of B) zinc 
chloride and D) nickel chloride between glass jar and LOC environments. A strong correlation between methods was observed. 
Error bars represent standard error between replicates. (Reprinted with permission from Elsevier) 
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3.7. Behavioural studies in response to chemical stimuli 
 
Subsequent to validation of survival and toxicity results within the LOC device, behavioural 
endpoints were analysed in response to chemical stimuli to assess their suitability as high-
sensitivity sub-lethal endpoints. Experimental results with potassium dichromate revealed 
that, as with the previous metals that had been tested, standard 24-hour LC50 values remained 
comparable with 38.17 mg/L and 34.01 mg/L (R value = 0.95) for the perfusion-based LOC 
device and glass jar environment respectively (Figure 3.15 A-B). It was interesting to note the 
rapid depression in swimming distance (hypoactivity syndrome) after exposure to sub-lethal 
concentrations of potassium dichromate (Figure 3.15 C-D). Consequently, the time-resolved 
locomotory behaviour dropped by approximately 40% in the first 10 minutes after perfusion 
of potassium dichromate at a concentration of only 1 mg/L. This hypoactivity persisted 
through until 12 hours, after which, the activity returned to control values suggesting an 
acclimation or recovery back to normal behaviour. At the higher concentrations of 5 and 10 
mg/L, reduction in activity only became more pronounced throughout the duration of the 
tests reaching maximum depression after 24 hours of exposure (Figure 3.15 D). 15 mg/L of 
potassium dichromate induced no mortality over 48 hours, however, it was able to depress 
swimming distance by 90% compared to a control population. Amazingly, even concentrations 
as low as 1 and 5 mg/L were able to induce immediate hypoactivity with 5 mg/L showing no 
signs of recovery over 24 hours. 
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Figure 3.15 Assessment of mortality and sub-lethal endpoints performed within the LOC environment with potassium 
dichromate. A)  LC50 values of A. compressa in static glass jar environments compared with the LOC perfusion device over 48-
hours. B) Pearson linear correlation analysis between glass jar environment and LOC environment denoting strong correlation 
between the two (p < 0.05). C) Illustrative trajectories over 30 seconds of A. compressa’s swimming behaviour within the LOC 
device; moving from the start of test (left) to the end at 24 hours (right) and from lowest concentration (top) to highest 
concentration (bottom). D) Quantitative behavioural changes in response to potassium dichromate over time where 
movement data is normalised to the control. Data is represented as change from the mean over 10-minute periods and 
averaged over 20 replicates. Error bars denote standard error of the mean. 
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A. compressa were next exposed to caffeine, an urban micro-pollutant which is being 
increasingly detected in Australian surface waters. Caffeine is a powerful antagonist of 
adenosine A2A receptors that is not completely remediated when passing through waste water 
treatment facilities [180, 181]. Invertebrates have previously been shown to possess these 
receptors, however, amphipods have not specifically been studied for their presence [182-
184]. Therefore, it was reasoned that if amphipods do indeed possess such receptors, they 
should be aroused in some capacity that would be detectable via behavioural analysis. 
As with previous toxicants, a comparative analysis was performed between caffeine toxicity 
in the traditional glass jar environment and the LOC perfusion-based device. The LC50 results 
indicated that, while A. compressa was not particularly sensitive to caffeine as a toxicant, the 
observed toxicity was consistent between both glass jar and LOC based environments. 48-
hour LC50 values of 551 mg/L and 422 mg/L for glass jar and LOC environments were reported 
respectively with a strong correlation (R = 0.95) between toxicity curves (Figure 3.16 A-B). 
Comparatively low-concentration exposures below 250 mg/l produced no significant changes 
in swimming distance during the first hour of exposure. Between 6 and 12 hours of exposure, 
concentrations between 50 mg/L and 250 mg/L induced significant hypoactivity compared to 
control populations. A minor recovery to control-levels of activity was observed at 50 mg/L 
after 24 hours, however, higher concentrations only saw increased depression of movement 
(Figure 3.16 C-D). 
These results indicate that A. compressa is unlikely to possess the A2A receptor that stimulates 
wakefulness in many other organisms according to their movement patterns. Observationally, 
it was noted that caffeine induced an unconventional body position upon death. A dead 
amphipod typically would curl up upon death, however, caffeine caused the amphipods to 
arch backwards rather than curl up suggesting that it may be acting upon muscle tissue to 
induce mortality (Figure 3.16 C [250 mg/L  12 & 24 hours]).  
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Figure 3.16 Assessment of mortality and sub-lethal endpoints performed within the LOC environment with caffeine. A)  LC50 
values of A. compressa in static glass jar environments compared with the LOC perfusion device over 48-hours. B) Pearson 
linear correlation analysis between glass jar environment and LOC environment denoting strong correlation between the two 
(p < 0.05). C) Illustrative trajectories over 30 seconds of A. compressa’s swimming behaviour within the LOC device; moving 
from the start of test (left) to the end at 24 hours (right) and from lowest concentration (top) to highest concentration 
(bottom). D) Quantitative behavioural changes in response to potassium dichromate over time where movement data is 
normalised to the control. Data is represented as change from the mean over 10-minute periods and averaged over 20 
replicates. Error bars denote standard error of the mean. 
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3.8. Validation of application with polycyclic aromatic hydrocarbons 
 
Once testing was complete with reference toxicants, the LOC perfusion-based design was 
tested with several polycyclic aromatic hydrocarbons (PAH’s). Unlike previous comparative 
toxicity assays, there was a significant disconnect between the observed 48-hour LC50 values 
between glass and LOC environments. For each of the toxicants tested the LOC environment 
induced significantly less toxicity – that is, a higher concentration was required to achieve 50% 
mortality – than the traditional glass jar environment (Figure 3.17). 
As per OECD and USEPA guidelines for testing with volatile substances in an aquatic 
environment, the reference static glass jar environment was sealed and the test medium 
occupied  >95% of the available volume to reduce volatilisation into available chamber head 
space [52, 185]. Chambers were preconditioned by rinsing with test solution immediately 
prior to use to minimise surface adsorption and stored in a dark environment at 16 ± 1 °C. 
Water accommodated fraction (WAF) solutions were prepared as per the standardised 
methodology laid out in Singer et. al. (2001) for consistency [51]. Chemical analysis of the 
resulting solutions was conducted externally at ALS Global Environmental testing division 
(Melbourne, Australia) for total petroleum hydrocarbon content within the seawater matrix. 
For toluene, the 48-hour LC50 was observed to increase from 19.13 mg/L (95% CI 14.60 – 23.43 
mg/L) to 31.19 mg/L (95% CI 29.08 – 37.27 mg/L (Figure 3.17 A). Fluoranthene 48-hour LC50 
values also increased from 1895 µg/L (95% CI 1298 - 2393 µg/L) to 3693 µg/L (95% CI 2975 -
4281 µg/L) for the glass and chip environments respectively (Figure 3.17 B). Similar trends 
were also detected in naphthalene exposures where the 48-hours LC50 values increased from 
1376 µg/L (95% CI 1283-1461 µg/L) in glass to 2183 µg/L (95% CI 1283 – 1461 µg/L) on the LOC 
device and even whole oil exposures, where 48-hour LC50 values for water accommodated 
fractions went from 56.14 % (95% CI 32.47 – 67.68 %) in glass to almost not being able to even 
achieve an LC50 at 99.80% (95% CI 87.28 – 100) on the LOC device (Figure 3.17 C-D). 
Each of the hydrocarbon exposures were significantly less toxic in the LOC environment than 
the traditional glass jar environment (p < 0.01) with a cumulative average decrease in toxicity 
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of 73%. These discrepancies represented a striking departure from the previous tests with 
heavy metals where toxicity results correlated very strongly between environments. To 
investigate the cause of the variation, post-exposure chemical analysis was conducted 
quantifying selected aqueous hydrocarbon concentrations for each of the tests before and 
after perfusion of up to 96 hours (Table 3.2 & Table 3.3). 
 
Figure 3.17 48-hour LC50 toxicity curves for A. compressa in traditional glass environment (blue) and LOC device (red). 
Horizontal dashed black line highlights the 50% mortality threshold and red and blue vertical dashed lines show intersection 
between toxicant concentration and 50% mortality threshold. Error bars denote standard error of the mean. 
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In the glass jar environment, the greatest losses (41.18%) were observed in the C10-C14 range 
which includes the most toxic polycyclic aromatic hydrocarbons (PAH’s) such as, naphthalene, 
phenanthrene, anthracene, acridine and xanthene over 96 hours. Smaller, yet significant, 
losses were also reported in the C6-10 (20%) and C15-C28 (23.20%) PAH’s (Table 3.2). The 
observed reduction in PAH concentrations were expected as natural bio- and 
photodegradation break down the molecules in non-toxic components [186, 187]. These 
measurements formed a reliable baseline as to acceptable PAH degradation rates for the given 
crude oil sample being used in combination with the biome found in the natural waters 
collected from Port Phillip Bay, and tested under standard OECD and USEPA conditions. 
Table 3.2 Chemical analysis of aqueous aromatic hydrocarbon concentrations before and after static sealed storage in a glass 
jar over 24, 48 and 96 hours at 16 ± 1°C in dark conditions. N/A indicates test solutions where a nominal concentration was 
not possible. 
    Whole oil (WAF) 
Hours in 
glass 
Toluene 
(mg/L) 
Fluoranthene 
(µg/L) 
Naphthalene 
(µg/L) 
C6-C10 
(µg/L) 
C10-C14 
(µg/L) 
C15-C28 
(µg/L) 
 Nominal concentrations 
 20 1000 1500 N/A N/A N/A 
 Measured concentrations 
0 18.9 946 1540 18600 12100 41600 
24 17.2 887 1225 17520 10930 36820 
48 16.8 738 1060 15940 8010 34370 
96 16.1 572 796 14880 7120 31950 
Difference -14.8% -39.53% -48.31% -20% -41.18% -23.20 
 
By contrast, perfusion of the same stock solutions though the LOC device resulted in dramatic 
PAH reductions compared with the static glass environment. For each of the test solutions 
there was a loss >90% after 96 hours of perfusion. Toluene, fluoranthene, naphthalene and 
the C6-C10 WAF preparation each fell below the limits of detection after only 48 hours of 
perfusion through the LOC device despite pre-rinsing efforts to saturate the materials (Table 
3.3). These results indicate that currently, LOC perfusion-based devices are not suitable for 
PAH’s due to adsorption that can occur during testing. Therefore, a correlative toxicity test 
must be carried out prior to behavioural analysis for any new toxicant, contrasting LC50 values 
in a validated environment against those in a LOC device. 
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Table 3.3 Chemical analysis of aqueous aromatic hydrocarbon concentrations before and after perfusion through the LOC 
device over 24, 48 and 96 hours at 16 ± 1°C in dark conditions. N/A indicates test solutions where a nominal concentration 
was not possible. NR denotes ‘No result’, this solution was not tested as at the previous timepoint hydrocarbon 
concentrations were below the limit of detection. 
    Whole oil (WAF) 
Hours in 
chip 
Toluene 
(mg/L) 
Fluoranthene 
(µg/L) 
Naphthalene 
(µg/L) 
C6-C10 
(µg/L) 
C10-C14 
(µg/L) 
C15-C28 
(µg/L) 
 Nominal concentrations 
 20 1000 1500 N/A N/A N/A 
 Measured concentrations 
0 18.9 946 1540 18600 12100 41600 
24 0.5 3 <1 320 830 9190 
48 <0.001 <1 NR <1 710 5220 
96 NR NR NR NR 490 3260 
Difference -100% -100% -100% -100% -95.95% -92.16 
 
3.9. Application of sub-lethal dimethyl sulphoxide (DMSO) concentrations in 
toxicity testing 
 
Hydrophobic compounds represent a particularly difficult class of toxicants to accurately 
assess in aquatic toxicology due to their inherent low solubility in water [188]. To assist with 
increasing the solubility of these compounds for testing purposes DMSO, an aprotic solvent, 
is commonly employed as a carrier chemical [189]. In accordance with OECD guidelines, the 
final concentration of DMSO in a test solution should not exceed 0.01% [52], however, 
previous publications have used DMSO in concentrations as high as 10% without obvious 
toxicity [190, 191]. 
Very few studies have looked at the behavioural perturbations instigated by low 
concentrations of DMSO as a sub-lethal endpoint for assessing the suitability of DMSO in 
toxicity testing. Of those that have, none focused on amphipods specifically [192]. Accordingly, 
the amphipod LOC device was employed to investigate the effects of DMSO on A. compressa 
at sub-lethal concentrations.  
To begin testing, a correlative mortality analysis was undertaken to ensure agreement 
between LC50 values in both the traditional glass environment and the LOC environment. The 
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48-hour LC50 for DMSO with A. compressa was 5.45% (95% CI 3.02-7.62) and 6.09% (95% CI 
3.75-8.30) (Figure 3.18 A). These results confirm that, unlike with the PAH’s, DMSO is 
compatible with toxicity testing in the perfusion-based LOC environment. Short-term 
swimming variability between control specimens and those in sub-lethal concentrations of 
DMSO was measured to determine if the low DMSO concentrations would induce any 
agitation. While control specimens swimming activity was significantly more erratic than sub-
lethal swimming patterns, it remained significantly higher than that of the sub-lethal 
concentrations for the first 64 minutes of testing (Figure 3.18 B). 
Amphipod activity was significantly reduced at all tested concentrations up to 6 hours. By the 
12-hour mark, however, each of the concentrations begun making a recovery towards 
baseline activity. At the conclusion of the test; 0.1, 1 and 2% concentrations were not 
significantly different from control activity levels. Activity levels in the 0.5% treatment were 
surprisingly 38% above control values while the highest concentration, 5%, remained 
significantly below baseline (Figure 3.18 C). These results indicate that A. compressa seemed 
to be recovering from DMSO exposure after 24 hours of exposure. However, when analysing 
swimming speed, rather than simply just activity, it was noticed that after one hour all test 
concentrations were swimming significantly slower than the control specimens. The 0.5% 
DMSO treatment at 12 hours was the exception, however, large variability was also observed 
at this timepoint and thus the anomaly is more likely an artefact rather than a meaningful 
result. This assumption is further bolstered by the return to reduced swimming velocity at the 
24-hour mark (Figure 3.18 D). 
These results highlight the need to assess multiple endpoints when looking for behavioural 
aberrations in response to low-dose toxicant exposure as changes may not affect all aspects 
equally. Moreover, they demonstrated for the first time that the commonly used solvent 
DMSO may not be an appropriate carrier chemical for testing toxicity with low-solubility 
toxicants due to its own sub-lethal effects. Whilst it was not shown to be lethal at the 
concentrations tested over only 24 hours, there were undoubtable effects upon swimming 
behaviour in the same period. 
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Figure 3.18 A) 48-hour LC50 mortality curves for A. compressa for DMSO in a glass environment (blue) and in the LOC device 
(red). Error bars represent standard error of the mean. B) Short-term variability between control behaviour and sub-lethal 
DMSO concentrations. Time in minutes represents the first 64 minutes of the test from when DMSO was introduced. C) 
Percentage change in time spent active vs sedentary in sub-lethal DMSO concentrations. Data is normalised to control values 
for a given period. D) Percentage change in swimming velocity in sub-lethal DMSO concentrations. Data is normalised to 
control values for a given period. 
3.10. Discussion and conclusion 
 
This work presents, for the first time, a proof-of-concept LOC perfusion-based device for swift 
aquatic toxicity testing with the marine amphipod A. compressa. After conducting a series of 
computational simulations, real-world validations as well as traditional and sub-lethal toxicity 
tests, the results demonstrated that the LOC device was capable of emulating mortality results 
for many toxicants. Moreover, the LOC device proved capable of effectively caging A. 
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compressa and enabling video analysis of behavioural endpoints which indicated behavioural 
perturbations at test concentrations well below known LC50 values. This design has shown that 
it can reliably replace manual efforts for quantifying behavioural changes when assessing sub-
lethal toxicant exposures for A. compressa. In most analyses, detectable changes were 
observed immediately after initial perfusion of a given toxicant, suggesting a possible route 
towards real-time biomonitoring is not just a feasible endeavour, but also likely a fruitful one. 
Traditional testing methodology as laid out in the USEPA standards for amphipod testing 
(OPPTS 850.1020 Gammarid acute toxicity test) requires large volumes of test media and low 
resolutions analysis taking account of mortality at 24-hour intervals. This process is time-
consuming, inherently labour intensive and without any blinding specified for recording 
mortality also introduces the potential for bias, consciously or unconsciously. By contrast, the 
LOC device as described miniaturised the apparatus with no apparent detriment to the test 
specimens. Analysis was performed on a frame-by-frame basis providing unparalleled 
resolution for monitoring changes in behaviour at a sensitivity orders of magnitude greater 
than is possible through mortality analysis. 
The use of behavioural monitoring as a tool for sub-lethal analysis is increasingly being 
considered as an alternative to traditional mortality based endpoints [159, 193-195]. The 
design presented here represents the first published design of a LOC perfusion-based design 
capable of effectively caging A. compressa, tracking behaviour and producing reliable analysis 
of subtle changes in swimming patterns. 
While the design presented here has performed well in monitoring behavioural changes in A. 
compressa there are some notable limitations that must be considered prior to use of such a 
design. As presented in Figure 3.17, the device is not capable of being used with petroleum 
hydrocarbons due to significant reductions in short-term aqueous hydrocarbon 
concentrations. This discovery necessitates that, prior to analysis of behavioural changes with 
this device a traditional correlative mortality-based toxicity test must be carried out to 
determine that the test environment is not unduly impacting the observed results. Moreover, 
the method requires access to some instrumentation such as, USB cameras and a desktop 
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laser cutter as well as software packages that may not be available to all researchers. Finally, 
limitations in laser micromachining restrict minimum reliable feature sizes to approximately 
100 µm [133]. This confines LOC designs to organisms that cannot escape traps with channels 
100 µm in any dimension thereby preventing the use of long-term model test organisms such 
as rotifers or paramecium. In the next chapter, I describe a novel methodology for creating 
LOC designs with features as small as 30 µm. 
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4. Applied photolithography for effective macro-invertebrate caging 
within a LOC device 
4.1. Introduction 
 
The application of LOC technologies for environmental monitoring and bioanalysis has proven 
highly valuable and has been attracting significant interest from environmental as well as 
biomedical researchers [76, 196]. A common approach towards fabricating such devices is the 
PDMS-on-glass method which is suitable for a wide range of test organisms including 
individual cells and small aquatic invertebrates [119]. PDMS as a material offers several 
benefits including a history of excellent biocompatibility, low-cost, oxygen permeability, 
malleability and variability of physical properties depending on the ratio of hardener added to 
the uncured elastomer [197-199]. 
The gold standard for fabricating PDMS-based LOC devices is from positive relief soft-
lithography moulds. This well-known methodology includes several important advantages 
including extraordinary resolution, very low surface roughness and straight sidewalls [200]. 
However, significant limitations apply to the methodology when generating master moulds 
for the positive relief structure that employ thicknesses greater than 200 µm. 
Photolithography as a process is well optimised for very small structures, on the order of 
nanometers rather than thick monolithic layers of photoresist. As a result it can be difficult to 
fabricate positive relief structures for aquatic small model organisms such as rotifers and 
paramecium [201].  
While thick photoresist layers can be generated by iterative layer application of photoresist, 
this approach is inherently time consuming. Moreover, the thick photoresists required for 
such layers are extremely viscous and thus difficult to work with and generate problematic 
edge beads when spin coated. Previously, researchers have used a combination of laser 
micromachining and 3D printing to create positive relief structures for PDMS application 
rather than using traditional photolithography. However, these approaches are limited in their 
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x,y resolution, have poor sidewall geometries and are only capable of reliably defining features 
greater than 100 µm [119]. Considering one of the most commonly used Paramecium sp, 
Paramecum caudatum, is approximately 40-50 µm wide with a flexible body, a much higher 
resolution is required to effectively cage them within a LOC environment. Therefore, the only 
methodology capable of fabricating such feature sizes is photolithography. 
There are several existing methodologies for creating monolithic layers of photoresist to 
facilitate the fabrication of high-aspect ratio structures in photolithography. Traditionally, 
photoresist layers are generated by simply applying photoresist to a wafer and spinning it to 
generate a thin, uniform film. However, with layer thicknesses approaching and exceeding 200 
µm, the edge bead becomes so significant that it will not reflow upon pre-exposure baking the 
wafer due to the high viscosity of the photoresist employed, resulting in a non-uniform layer 
across the wafer [202]. Therefore, alternate methods must be considered for generating a 
thick photoresist film. 
Che-Hsin et. al. (2002) proposed a method dubbed ‘Constant volume injection’ [203] that 
involved adding a carefully measured volume of photoresist, applying it to the wafer directly 
and manually spreading the photoresist. The volume was determined by calculating the 
length, width and height of the required photoresist layer and estimating solvent evaporation 
during the pre-exposure bake. The volume was then pipetted onto the wafer and manually 
spread. Initially this formed a rough surface, however, providing a low-viscosity photoresist 
was used the film would naturally return to a flat homogenous layer. The authors claim that 
this method is capable of films as thick as 500 µm with SU-8 50 photoresist. 
Another approach involved the use of commercially available dry photoresist films known as 
SUEX® (DJ Microlaminates, MA, USA). These rigid pre-cast sheets of photoresist are available 
in layers up to 1000 µm thick and in a variety of shapes and sizes [204, 205]. Unlike liquid 
photoresists, the sheet was simply laminated directly onto the surface of the wafer and was 
immediately ready for use. 
The goal of this chapter was to analyse which of these methods was most suitable for 
constructing monolithic photoresist layers approximately 300 µm thick to allow fabrication of 
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soft-lithography based LOC devices suitable for small model aquatic organisms such as 
Paramecium and rotifers. However, as the results of this chapter demonstrate, spin coating, 
constant volume injection and SUEX sheets all demonstrated significant drawbacks. 
Therefore, a fourth method was proposed to overcome the limitations of the other 
methodologies. In this chapter I present a rapid, inexpensive and reliable technique for 
creating monolithic layers up to 1500 µm with SU-8 100 which I named the ‘razor scrape 
method’. 
4.2. Preparation of wafers for addition of photoresist 
 
All wafers were thoroughly cleaned and dehydrated prior to application of any photoresist to 
ensure strong bonding between layers. This included 15 seconds of sonication in a pure 
acetone (Sigma-Aldrich, Australia) bath followed by rinsing with filtered deionised water. The 
wafer was then blown dry with pure nitrogen gas to remove potential contaminants from the 
surface layer.  
As the glass transition temperature of PMMA was 105°C, dehydration was carried out at only 
90°C for 30 minutes. Wafers were then allowed to cool back to room temperature (20 ± 1°C) 
for 15 minutes before being surface treated to further promote adhesion of the photoresist 
to the PMMA substrate. To achieve this, the wafer was placed onto the vacuum chuck within 
a spin coater and enough hexamethyldisilane (HMDS) to cover the surface was added then 
left to rest for 30 seconds. The wafers were spun at 3000 rpm for 30 s (500 RPM per second 
ramp speed) to create a monolayer of HMDS over the surface of the wafer increasing the 
number of methyl groups for bonding in turn promoting strong adhesion between the 
photoresist and PMMA substrate (Figure 4.1). 
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Figure 4.1 Example of HMDS coating with and without proper dehydration of the wafer surface. HMDS significantly increases 
the number of methyl groups for bonding thereby promoting stong adhesion between layers (reproduced from 
www.yieldengineering.com). 
 
4.3. Validation of photoresist application methods 
4.3.1. Spin coating 
Fabrication 
 
The first approach that was tested for generating monolithic photoresist layers was low-RPM 
spin coating with the thickest commercially available photoresist, SU-8 100 (Microchem, MA, 
USA). SU-8 100 is rated to a maximum recommended film thickness of ~100 µm with a low-
RPM spinning regime of ramping to 500 RPM over 5 seconds with an acceleration equal to 100 
RPM per second and held at 500 RPM for 5 more seconds to evenly spread the photoresist. 
The wafer is then subsequently accelerated to 1000 RPM over ~2 seconds at a rate of 300 RPM 
per second and maintained for a total of 30 seconds. This process, according to the SU-8 100 
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data sheet published by MicroChem, provides a single layer of ~ 230 µm, thus it was adopted 
and modified in an attempt to fabricate layers slightly thicker at 300 µm [202]. 
 
Figure 4.2 A) Demonstration of how an SU-8 film centrally added and subsequently spun onto a PMMA wafer B) Resulting 
film under ideal circumstances with no edge bead. 
A validation array was performed to determine what combination of spin speed vs duration 
would be most appropriate for reliably generating thick monolithic layers of photoresist on a 
standard 4” round wafer. A total of 5 replicates for each condition were tested by running 
through the selected spinning regime, soft baking for 90 minutes on a hot plate at 95°C. 
Wafers were allowed to cool down to room temp before a generic square pattern 1 mm x 
1mm was exposed into the centre of the wafer to avoid any edge bead reflow effects and 
provide a reliable estimate of film thickness. 
A wide range of spinning regimes were evaluated to determine mean thickness at the centre 
of the wafer, as well as variation between runs to assess repeatability. The tests were 
comprised of a low speed ‘spreading’ phase, which is required by highly viscous photoresist 
such as the SU-8 100, as well as a ‘spin’ phase which under traditional spin coating techniques 
would typically range between 1000 and 3000 RPM for 30 seconds. Due to the thick layers 
that were being sought for this application, the speeds tested in this study were greatly 
reduced to preserve photoresist from being ejected from the wafer. Additionally, spread 
phase and spin phase durations were varied to assess if it would provide any beneficial effects 
towards reproducibility. 
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The greatest film thickness achieved was, unsurprisingly, with no spread phase at all and a 
spin phase of only 20 seconds at 450 RPM. This produced a mean photoresist film thickness 
of 490 µm, with a very poor standard deviation of 178 µm. The unreliability of such layer 
thicknesses at this speed eliminates it even as a consideration for future LOC applications 
requiring thicker layers than specified here. In total, five of the twenty-five regimes tested 
produced thicknesses appropriate for the goal of 300 µm thick single layers of photoresist. Of 
these, the regime entailing a spread phase of 10 seconds at 250 RPM and 20 seconds at 1000 
RPM (100 and 300 RPM/s ramp speeds respectively) produced the best result with an average 
layer thickness of 298 µm and a standard deviation between runs of 39 µm (Table 4.1). 
This inconsistency between layer thicknesses would result in a theoretical 10-15% variation in 
final LOC volumes altering flow rates and mass transfer periods. Therefore, it was key to select 
the process that provided the least amount of variation between runs. 
 
Figure 4.3 Spin coated wafer with white arrows demonstrating extreme edge bead effect where photoresist is significantly 
built-up at the periphery of the wafer. Red arrows illustrate areas where spin coating centrifugal force was insufficient to 
cause even spreading of photoresist. 
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Table 4.1 Comparison of film thicknesses and variation between low-RPM spin coating regimes to the determine optimal 
conditions required to generate a reliably thick SU-8 100 layer. Red text illustrates the selected method most appropriate for 
LOC soft-lithography application. Blue text indicates spinning regimes that generated film thicknesses close to the 300 µm 
goal. 
Spread phase 
(RPM) 
Duration 
(s) 
Spin phase 
(RPM) 
Duration 
(s) 
Mean 
 thickness 
Standard 
deviation 
N/A 0 450 20 490 178 
N/A 0 650 20 479 122 
N/A 0 850 20 372 94 
N/A 0 1000 20 285 117 
250 5 450 20 471 144 
250 5 650 20 422 102 
250 5 850 20 365 89 
250 5 1000 20 322 55 
250 10 450 20 455 137 
250 10 650 20 403 101 
250 10 850 20 355 79 
250 10 1000 20 298 39 
N/A 0 450 30 448 111 
N/A 0 650 30 399 85 
N/A 0 850 30 245 75 
N/A 0 1000 30 233 52 
500 5 450 30 389 72 
500 5 650 30 277 55 
500 5 850 30 222 65 
500 5 1000 30 230 33 
500 10 450 30 411 84 
500 10 650 30 283 46 
500 10 850 30 245 31 
500 10 1000 30 217 15 
 
Whilst it did not prove difficult to spin-coat single layers greater than 300 µm in total thickness, 
variation between runs evolved to become the characteristic of primary concern. Plotting the 
total revolutions required to fabricate a layer against the resulting standard deviation 
observed between runs it becomes clear why MicroChem does not recommend any of their 
photoresists for films greater than ~230 µm. Starting from a standard deviation between runs 
of only 15 µm with the greatest number of revolutions, the variation between runs increases 
significantly as the total revolutions are reduced (Figure 4.4).  
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The counter-intuitive dip observed between 20,000 and 24,000 total revolutions corresponds 
to those tests where the wafer was spun faster (1000 RPM) for a shorter overall duration (20-
30 seconds total). This finding indicates that spin-speed is more important for generating a 
reliably thick photoresist layer than duration of the spin cycle (Figure 4.11). 
 
Figure 4.4 Comparative analysis of standard deviation from mean value of film thickness with the total number of revolutions 
the film endured during spin-coating process. 
Surface Analysis 
 
An important attribute for any LOC design is a low roughness average (RA).  RA is the most 
common method of measuring surface roughness at the scale of microns. It measures the 
absolute values of roughness along the Z-axis for a given sample area [206]. A lower RA value 
on the surface of the positive relief mould will, in turn, facilitate a lower RA on the resulting 
PDMS that is cast over the SU-8 structure. This ultimately provides a smoother internal surface 
on the final LOC device introducing less turbulence thus preserving laminar flow throughout 
the chamber [125]. 
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Commensurate with the expectations of spin coating, the central area of the wafer with a 
radius of ~20 mm was largely defect free and produced a very smooth layer of photoresist. 
Noticeable edge bead effects were observed around the periphery of the wafers, distorting 
the outer ~15 mm of the photoresist by up to 40 µm (Figure 4.5 A & C). High magnification 
analysis of the central area not distorted by the edge bead revealed a very low RA of only 
20.26 ± 1.4 nm with a minor ripple pattern across the surface and no appreciable deformation, 
cratering, ridges or valleys were observed (Figure 4.5 B & D). 
  
 
Figure 4.5 Surface analysis of spin coated wafer from edge to edge and 25mm wide. Spinning regime of 250 RPM for 10 
seconds then 1000 RPM for 20 seconds. Note the variation in reported units to make measurements visible A) Colour coded 
3-D graphical representation of surface flatness illustrating edge bead effect at the periphery of the wafer as measured with 
a stylus profilometer. B) High magnification optical surface roughness analysis. Sample area size is equal to 126 µm x 100 
µm C) 2-D profile of height and length of measurements illustrating edge bead effects extending ~15 µm towards the centre 
of the wafer. D) 2-D profile of surface roughness along a 126 µm X-axis transect in the centre of the wafer. Roughness 
average is equal to 20.26 nm. 
Summary 
 
Spin coating is the current gold standard for producing extremely smooth layers of photoresist 
on circular wafers [207]. Even at the very low spin-speed regime tested in this study the 
98 
 
surface roughness was exceptional in the central area of the wafer, however, significant 
portions of the wafer become unusable due to severe edge bead effects present around the 
periphery. Moreover, the substantial variation seen between spin coating runs was of greater 
concern than the surface roughness or useable area with one standard deviation of 40 µm 
between runs.  
Finally, spin coating is also a wasteful, and thus expensive, method of generating a photoresist 
layer. MicroChem recommends that 1 mL of liquid photoresist should be dispensed per inch 
of substrate diameter. Therefore, over a 4-inch wafer 4 mL should be applied prior to spinning. 
Theoretically, even for a thick photoresist layer such as 300 µm, the final volume required is 
equal to (πr2)*thickness, (3.14 x 2580.64) * 0.3 = 2.43 mL. This leads to wastage of ~40% of 
the applied photoresist, considering that a 500 mL bottle of SU-8 100 costs approximately 
$1800 AUD any improvement in efficiency would yield significant savings over the long term. 
With these considerations in mind, it was decided that a more reliable and efficient method 
for generating thick monolithic positive relief moulds to suit LOC applications was required. 
4.3.2.  SUEX Dry-Film sheets 
Fabrication 
 
SUEX is an epoxy based dry film photoresist commercially available in several different 
thicknesses ranging from 5 to 1000 µm [208]. Unlike traditional liquid photoresist, SUEX does 
not require any spin coating application steps or even a pre-exposure baking period. Rather, 
a pre-cut dry film is placed directly onto a prepared wafer and bonded with heat and pressure 
applied by a standard office style laminator. The wafer was then immediately ready for UV 
exposure patterning through a given photomask. This method offered a significant time saving 
over traditional liquid photoresists, particularly for thick layers, where total pre-exposure 
baking and cooling time could take 2 – 2.5 hours. Moreover, liquid photoresists inevitably 
shrink during the baking process due to solvents volatilising out of solution, however, as SUEX 
is a pre-cured dry sheet it did not experience any shrinkage thereby resulting in high 
repeatability between applications [204, 209]. 
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Due to the unique circumstances of this application and its applicability specifically towards 
LOC applications, full size 4-inch wafers were not used in this study. Not only are they 
significantly larger than required but the curved nature of a circular wafer means that much 
of the periphery is not useable for fabrication. Instead, a practically sized LOC device that fits 
within a standard microscope slide size (25 x 75 mm) wafer was posited based on previous 
LOC publications with various invertebrates as well as fish embryos [95, 97, 119, 210]. 
Accordingly, 3 mm thick microscope slide size PMMA wafers were laser cut to be used as wafer 
substrate for all subsequent testing. 
Appropriately sized 300 µm SUEX sheets were purchased (DJ Microlaminates, MA, USA) and 
applied as per supplied instructions. A flatbed triple roller Proteus laminator (Fellowes Brands, 
Il, USA) was used to bond the SUEX sheet to the PMMA wafer. Rollers were heated to 80°C 
and the SUEX sheet was placed on top of the wafer. The rollers were pre-heated to 
temperature and set to the lowest speed before the assembly was fed through the rollers 
(Figure 4.6). Once the wafer emerged from the laminator it was placed onto a 65°C hot plate 
and ramped up to 90°C over 5 minutes and baked for a further 5 minutes before being allowed 
to cool to room temperature. Whilst the SUEX did not require a pre-exposure bake step, DJ 
Microlaminates recommends this step to improve bonding and decrease any surface 
roughness potentially introduced from the laminator rollers. 
 
Figure 4.6 Application of SUEX sheet on to PMMA base wafer. (laminator parts omitted for clarity) A) Assembly immediately 
prior to bonding and, B) Successfully bonded wafer after passing through heated rollers. 
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Surface Analysis 
 
Direct bonding of SUEX sheets to the PMMA rectangular wafer provided a relatively flat result 
over the entire surface with maximum observed variations of 3 µm. Due to the application 
being a dry photoresist form, thickness was consistent over the entire wafer and issues 
pertaining to edge bead, film shrinkage and reflow were entirely eliminated (Figure 4.7 A & 
C). Under higher magnification optical surface analysis, it was observed that minor cratering 
was present throughout the entire film. These craters exhibited an average depth of 362 ± 46 
nm and an average diameter of 35.7 ± 22.9 µm (Figure 4.7 B). Surface analysis of SUEX sheets 
pre-lamination revealed no such cratering therefore these deformations were likely the result 
of gas bubbles trapped within the SUEX film expanding at the surface of the sheet due to the 
heat and subsequently escaping. As SUEX did not have the ability to reflow significantly, the 
remaining craters formed part of the final design. Deformations of this scale are potentially 
detrimental in photolithography if they happen to form along a critical edge or through a 
narrow restriction point in a microfluidic channel, ultimately requiring a new positive relief to 
be fabricated. 
Additionally, the SUEX sheets displayed unique surface characteristics with repeating valleys 
and peaks 100 ± 28 nm deep spaced 50 ± 6 µm apart (Figure 4.7 B & C). These patterns were 
not visible in the SUEX sheets prior to application which suggested that they were introduced 
during lamination. This highlights an additional issue with SUEX application, particularly for 
high resolution structures or devices sensitive to thickness variations, that the rollers used for 
SUEX application will ultimately determine the surface roughness and may possibly imprint a 
range of patterns into the film depending on their surface condition. The measured RA was 
28.62 nm corresponding to a 41.26% increase in surface RA over the spin-coated wafer. 
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Figure 4.7 Surface analysis of SUEX bonded sheets on 25 x 75 mm PMMA wafer. Note the variation in reported units to make 
measurements visible A) Colour coded 3-D graphical representation of surface flatness illustrating no major deformations on 
the macro scale of the wafer as measured with a stylus profilometer. B) High magnification optical surface roughness analysis. 
Sample area size is equal to 126 µm x 100 µm reveals a repeating ripple-like pattern along with unexplained cratering C) 2-D 
profile of height and length of measurements. D) 2-D profile of surface roughness along a 126 µm X-axis transect in the centre 
of the wafer. Roughness average is equal to 28.62 nm. 
Summary 
 
SUEX sheets provided a very fast alternative to spin coating for rapid generation of thick 
monolith layers of photoresist. Significant time savings were realised when compared to liquid 
application of photoresist as a pre-exposure bake was not required to cure the film. 
Macroscopically, SUEX sheets delivered superb edge to edge flatness over the entire wafer 
and the lack of edge bead or reflow is particularly beneficial when working with thick 
photoresist layers. 
However, SUEX sheets were also observed to be extremely brittle with the risk of being 
damaged in transit or wafer preparation. Several of the sheets purchased for this study were 
damaged in transit leading to excess dust and contamination of cleanroom facilities (Figure 
4.8). Additionally, significant deformations at the micrometre scale, possibly introduced by 
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the lamination process limit the use SUEX in high resolution imaging. While the SUEX sheets 
achieved exceptional efficiency compared to spin coating, the purchase price of these sheets 
was approximately 10 times greater than for spin coating the same area (25 x 75 mm) with a 
liquid photoresist at 29.90 AUD per SUEX sheet. For these reasons, SUEX was not deemed a 
suitable method for prototyping/fabrication of novel LOC-based designs suitable for 
macroinvertebrates. 
 
Figure 4.8 Cracking observed in the corner of a SUEX sheet after shipping due to the brittle nature of the material. 
4.3.3. Constant volume injection 
 
A paper published in 2002 by Che-Hsin et. al. describes a novel approach to the generation of 
monolithic photoresist layers up to 1500 µm thick without the use of pre-cast dry film sheets 
or spin coating [203]. The process involves calculating the volume required (LxWxH + 
estimated shrinkage) to generate a photoresist layer of a given thickness and carefully 
pipetting it onto a wafer where it is spread manually with a teflon scraper (Figure 4.9). The 
authors dubbed this the ‘constant volume injection’ method as, in contrast to spin coating 
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where the main determining factor of layer thickness is the spinning regime, the volume added 
to the wafer reliably determines the thickness of the resulting SU-8. 
 
Figure 4.9 Graphical representation of the constant volume injection methodology from Che-Hsin et. al. (2002). A) SU-8 is 
pipetted along the central axis of the test wafer and spread manually with a teflon scraper. B) Final SU-8 film over entire wafer 
after manual manipulation. 
Fabrication 
 
Che-Hsin et. al. (2002) used SU-8 50 in their study to validate their proposed method, 
however, SU-8 50 was not available during the course of this study. Instead, SU-8 3050 was 
substituted in, which belongs to the same family of formulations as SU-8 50 with the only 
varying factor being viscosity, 12,250 and 12,000 cSt for SU-8 50 and SU-8 3050 respectively. 
As with the previous SUEX application, the same 25 x 75 x 3 mm microscope sized PMMA 
wafer were used as a substrate for consistency and efficiency with photoresist consumption. 
Accurately predicting the final thickness of a given volume on a known wafer size proved more 
difficult than was immediately obvious as all liquid photoresists shrink during the pre-
exposure bake step. The amount of shrinkage depends on; i) the percentage of solids to 
solvents in the photoresist and, ii) the duration of the pre-exposure bake. Unfortunately, 
MicroChem does not publish the solvent concentrations for SU-8 50 thus a direct correlation 
between bake times was not possible.  Given that an SU-8 film should not be baked completely 
free of solvents for best results during development later in the process, a series of 
benchmarking experiments were performed to determine the ideal baking temperatures and 
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duration (Table 4.2). Microchem recommends a bake time of at least 90 minutes at 95 °C for 
SU-8 100 layers of 250 µm, therefore a series of durations between 90 and 180 minutes were 
tested with temperatures ranging from 85 to 95°C. 
A panel of 12 different baking procedures were assessed to determine the most appropriate 
temperature and duration as well quantifying the amount of film shrinkage. Ten wafers were 
prepared for each condition, as per the constant volume injection method, by heating the 
wafers to 80°C on a hotplate and pipetting a known volume onto the surface that was 
subsequently spread with a Teflon scraper. The volume to be pipetted was calculated by 
determining the volume of the desired final film plus an additional 20% as a rough estimate 
for shrinkage based on Che-Hsin et. al. (2002). 
All wafers that were baked for only 90 minutes failed due to insufficient removal of film 
solvents. During the UV exposure step the film is brought into soft contact with the photomask 
where, in the case of under-baked photoresists, the film is deformed changing the thickness 
and damaging the photomask. Similarly, all wafers that were baked for 180 minutes failed as 
well, however, in this case is was due to over baking of the films where upon development the 
unexposed photoresist does not fully dissolve in solution (Table 4.2). 
Four conditions satisfied the criteria for an appropriate baking period including 120 minutes 
at 95°C and 150 minutes at 85, 90 and 95°C. Of these conditions, the former was deemed the 
most appropriate due to; i) the shortest bake time, ii) the closest post-bake thickness to 300 
µm and, iii) minimal film shrinkage. 
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Table 4.2 Comparison of baking procedures for wafers prepared with the constant volume injection method to determine ideal 
baking duration, temperature and quantify film shrinkage. Procedures deemed not appropriate are shown in red, those that 
were appropriate are shown in green. Initial film height was estimated based on volume added as it could not be accurately 
measured in liquid form. 
Bake 
duration 
minutes 
Bake 
temperature 
Initial 
height (um) 
Final 
height 
(um) 
Standard 
deviation 
(um) 
Film 
shrinkage 
(%) 
Proper 
development 
90 95 360 315 32 12.5 No 
120 95 360 303 21 15.8 Yes 
150 95 360 292 17 18.9 Yes 
180 95 360 268 21 25.6 No 
90 90 360 328 25 8.9 No 
120 90 360 314 31 12.8 No 
150 90 360 297 15 17.5 Yes 
180 90 360 265 16 26.4 No 
90 85 360 335 25 6.9 No 
120 85 360 321 19 10.8 No 
150 85 360 305 21 15.3 Yes 
180 85 360 273 18 24.2 No 
 
During this validation process, the difficulty of accurately pipetting a known volume of 
photoresist became apparent. SU-8 3050 at room temperature is even more viscous than 
honey (~8,700 cSt), therefore in order to pipette the photoresist it was heated to 45°C in a 
sealed beaker for 15 minutes on a hotplate prior to use [211]. Pipette tips were disposed of 
between wafers as the photoresist exhibited a capillary type effect if used more than once. 
Surface analysis 
 
Macroscopic analysis of the whole wafer surface after pre-exposure bake revealed some 
significant flaws in the final surface condition. Contrary to arguments posited by Che-Hsin et. 
al. (2002), the SU-8 did not entirely self-level during the pre-exposure bake. While all efforts 
were made to level the hot-plate and spread the SU-8 smoothly and evenly over the entire 
wafer, only minor imperfections were able to reflow prior to the formation of a rigid 
dehydrated skin layer that solidified structures in place as the subsurface layers were 
dehydrated. Beyond the visible surface imperfections present within the SU-8 film, a maximal 
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gradient of approximately 80 µm was observed along the length of the film representing a 
26% variation in total film thickness after baking (Figure 4.10 A & C). 
Microscopic analysis of surface features revealed a cratering pattern distinctly different from 
those observed previously in the SUEX-based films. The craters were significantly more 
numerous and smaller in diameter measuring only 4.8 ± 1.7 µm and 524 ± 97 nm deep. Close 
observation of these craters revealed that they were being formed due to microbubbles 
inadvertently introduced during the spreading phase. As these bubbles made their way to the 
surface through the liquid photoresist they reached the surface and ejected the trapped air. 
In many cases the craters were observed to reflow, however, after several minutes the surface 
layer became semi-rigid, allowing air to escape yet preventing any reflow into the crater thus 
solidifying their position (Figure 4.10 B). 
The very minor ripple pattern seen over the surface of the film was an aberration of graphical 
illustration caused by the graphing software and did not impact the measured surface RA of 
26.18 nm (Figure 4.10 B & C). Despite the large-scale imperfections observed in Figure 4.8 A, 
the constant volume injection method was able to achieve an 18% lower RA value than the 
SUEX sheets. However, this method still lagged the gold standard of spin coating by 29%. 
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Figure 4.10 Surface analysis of constant volume injection method on 25 x 75 mm PMMA wafer. Note the variation in reported 
units to make measurements visible A) Colour coded 3-D graphical representation of surface flatness illustrating no major 
deformations on the macro scale of the wafer as measured with a stylus profilometer. B) High magnification optical surface 
roughness analysis. Sample area size is equal to 126 µm x 100 µm reveals a significant amount of cratering over the entire 
surface of the SU-8 3050 film C) 2-D profile of height and length of measurements. D) 2-D profile of surface roughness along 
a 126 µm X-axis transect in the centre of the wafer. 
Summary 
 
Constant volume injection of heated photoresist onto a warm wafer followed by manual 
spreading proved an efficient method of generating thick monolithic layers of SU-8. There 
were, however, several important shortcomings which limit the application of this method 
within a photolithographical framework. Application of this method requires a suite of 
validation tests to be conducted prior to fabrication of the desired structures to take into 
account film shrinkage and determine which photoresists are compatible. 
Surface conditions suffered from deformations both at macro and micro levels with variable 
thicknesses observed across the wafer and cratering contributing to increased surface 
roughness. A smoother photoresist surface could have potentially been achieved by using a 
less viscous photoresist to promote more rapid reflow and assist spreading, however, since 
the constant volume method relies on surface tension alone to contain SU-8, only highly 
viscous photoresists are appropriate for this method. 
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An additional issue that introduced variance for SU-8 layers generated using the constant 
volume method was the inevitable loss of some photoresist to the spreading instrument. It 
was noted that the longer it took to manually spread out the photoresist, the more photoresist 
would attach to the Teflon scraper. Naturally, it was impossible to standardise the number of 
strokes or time taken to evenly spread the photoresist, thus this became an uncontrolled 
factor introducing unwanted variance into the final film thickness. Moreover, if the user was 
to accidentally spill any volume of the photoresist when spreading it into a film, the entire 
wafer needed to be discarded as part of the volume required to generate a given film thickness 
was now missing. 
The constant volume method was successful as a genuinely alternative method to spin coating 
or expensive SUEX pre-cast sheets. However, a lack of control over the wafer-level uniformity, 
limitations of photoresist applicability and consistent cratering throughout the final 
photoresist film restricted its application for LOC devices. In response, I developed an 
improved version of the methodology which eliminates each of these issues which was 
dubbed the ‘Razor scrape method’. 
4.3.4. Razor scrape method 
Fabrication 
 
The razor scrape method was specifically created to allow the repeatable fabrication of 
monolithic photoresist layers up to 1500 µm thick. To achieve this, a rectangular wafer was 
laser cut from PMMA cast sheet to the dimensions of 25 x 75 mm. To contain the liquid 
photoresist that was placed onto the wafer, and to set the ultimate height of the photoresist 
layer, 1 mm wide guide walls were also laser cut from PMMA in thicknesses ranging from 0.1 
to 1.5 mm and chemically bonded with dichloromethane. The resulting internal volume to be 
filled with photoresist was calculated as 73 x 23 x (height of guide walls in mm) to give a rough 
approximation of photoresist consumption. Due to the expected loss of photoresist to 
potential spillage and adhesion to the razor blade, an additional 20% was added beyond the 
internal volume calculation. 
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The photoresist was centrally added to the wafer and a straight-edge razor blade was placed 
on top of the PMMA with the sharp edge bridging the gap between the two walls. In one 
smooth motion the razor blade was scraped from one end to the other and then back again, 
evenly filling the entire central volume set by the guide walls (Figure 4.11 A). 
 
Figure 4.11 Illustrative rendering of how the razor scrape methodology was applied and photographic results. A) Razor scrape 
method where the sharp edge of the blade spreads the photoresist evenly across the surface of the wafer. B) Resulting 
Photoresist film after being spread by razor scrape method. C) Macro photograph demonstrating a black PMMA base after 
photoresist had been applied via razor scrape method with 300 µm walls prior to baking. Note the excellent surface 
smoothness. D) Final product after baking, UV exposure and development of a LOC design (described in detail in the chapter 
5). 
The result of this method was a uniform distribution of photoresist over the entire rectangular 
wafer. Very minimal inclusion of sub-surface air bubbles was observed after spreading the 
photoresist which were largely confined to the periphery of the wafer rather than throughout 
the centre (Figure 4.11 C).  Initially, 300 µm high guide walls were used for consistency with 
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previous experiments in seeking to generate a final layer thickness of the same dimensions. 
While some film shrinkage was expected, PMMA fabrication of ultra-thin sheets was only 
available in 100 µm steps. This meant that 400 µm was the next available size, an increase far 
larger than the anticipated film shrinkage based on previous results. 
Surface analysis 
 
Whole wafer analysis of the resulting film from the razor scrape methodology revealed a 
significantly different pattern to that seen with previous methods. Surface tension between 
the liquid photoresist and the PMMA guide walls significantly altered the observed film 
shrinkage. The result was a ridge around the periphery of the wafer averaging about 12 ± 2 
µm higher than the baseline throughout the central portion of the wafer (Figure 4.12 A & C). 
Additionally, this surface tension effect reduced the overall film shrinkage during the pre-
exposure bake. As demonstrated previously with the constant volume injection method, a 
photoresist layer of this thickness can be expected to shrink by ~15-16% (120-minute bake at 
95°C, Table 4.2). However, the razor scrape method only experienced a maximum shrinkage 
throughout the central portion of the wafer of approximately 10% with final layer thickness 
being approximately 270 ± 5 µm. 
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Figure 4.12 Surface analysis of the razor scrape method on 25 x 75 mm PMMA wafer with 1 mm x 300 µm guide walls. Note 
the variation in reported units to make measurements visible A) Colour coded 3-D graphical representation of surface flatness 
illustrating no major deformations on the macro scale of the wafer as measured with a stylus profilometer. B) High 
magnification optical surface roughness analysis. Sample area size is equal to 126 µm x 100 µm reveals a significant amount 
of cratering over the entire surface of the SU-8 3050 film C) 2-D profile of height and length of measurements. D) 2-D profile 
of surface roughness along a 126 µm X-axis transect in the centre of the wafer. 
Microscopically, the surface of the razor scrape method was exceptionally flat with persistent 
surface contamination varying between 100 and 500 nm (Figure 4.12 B & D). Examination of 
multiple wafers revealed that the contamination was present between all films, however, it 
was not possible to definitively identify the composition of the particles. Scanning electron 
microscopy provided greater insight into the shape of the structures present and while 
characterisation though Energy-dispersive X-ray spectroscopy (EDX) was investigated, the 
compounds present were too similar in their molecular structure to reliably be distinguished. 
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Figure 4.13 Suspected PMMA surface contamination of razor scrape applied SU-8 3050 photoresist via scanning electron 
microscope. Fragments vary between 100 and 500 nm in size. 
The source of this contamination was most likely caused by the razor itself chipping small 
fragments off the PMMA guide walls as the photoresist was spread along the wafer. This 
contamination resulted in a relatively high RA value of 29.36 nm, however, it did not 
compromise the overall flatness of the film. Given the small overall size of the particles 
present, there was no risk of significant feature deformation (>10% deviation from 
specification) for typical LOC applications in aquatic toxicity testing where required features 
sizes are greater than 20 µm due to the organisms employed during testing. 
 
Validation of ultra-thick photoresist applications with the razor scrape methodology 
 
The razor scrape method proved an extremely efficient, reliable and simple way of generating 
thick monolithic photoresist layers. However, since the 300 µm layers were 50% thicker than 
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the largest specified in the MicroChem datasheets, UV exposure doses and development 
protocols were required to be generated through experimentation. Correct UV exposure is 
required to fully cross-link the SU-8 photoresist throughout the entire thickness of the film. 
Insufficient exposure will not effectively cross-link the deeper sections of SU-8 resulting in 
poor surface adhesion and feature detachment from the wafer during development. 
Prolonged exposure will generate an excess of photocuring agents at the surface resulting in 
the phenomenon of ‘T-topping’, where a structure that should resemble the profile of an 
upper-case letter ‘I’ ultimately resembles the upper-case letter ‘T’. Figure 4.14 demonstrates 
the effect of T-topping on a wall made from SU-8, the over-exposed part (A) clearly exhibits 
deformation of the surface structure. 
 
Figure 4.14 SEM analysis of SU-8 wall. A) Example of T-topping occurring at the surface of the SU-8 deforming the structure 
as a result of excess UV exposure. B) Properly exposed SU-8 with no observable T-topping. Reproduced with permission from 
memscyclopedia.org 
T-topping is easily controlled in thin photoresist films with the use of a UV filter restricting the 
specific wavelengths being exposed to the film. However, in films thicker than 200 µm the 
long exposure periods required can inevitably result in T-topping. To combat this, an 
innovative approach of double exposing the SU-8 in two, shorter exposures rather than one 
long exposure as per conventional methods was conceived. 
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The total exposure dose was estimated from the MicroChem SU-8 datasheet as 750 mJ/cm2. 
To derive the exposure length in seconds from this value, the exposure dose was divided by 
the UV lamp intensity as measured at 365 nm of 9.9 mW/cm2. 
750
9.90 = 75.75 Seconds of total exposure was the estimated exposure duration 
As a benchmark, a sample microfluidic design was exposed into the film in a single 75.8 second 
exposure. The resulting features experienced significant T-topping at the surface causing 
channels to fill in and removing the possibility to use the features in a soft lithography process 
(Figure 4.15 A). Subsequently, the exposure was divided into two shorter exposures of 37.9 
seconds with a 2-minute cooling off period in between. This divided exposure methodology 
allowed for proper top-to-bottom curing of the photoresist and excellent adhesion to the 
PMMA substrate. 
 
Figure 4.15 SEM examination of positive-relief photolithography structures A) Extreme example of T-topping where major 
channels have been disrupted after single prolonged exposure. Black arrows indicate areas that should be free from any 
photoresist after development. B) Example of a properly developed structure with no evident T-topping. 
Subsequent to proper exposure doses being validated, some high aspect ratio cross features 
were fabricated to demonstrate the capability of the razor scrape method for enabling 
structures not previously available via application of liquid photoresists. These 300 µm high 
features demonstrated that the methodology described within this chapter is capable of 
creating high aspect ratio features with deep channels, excellent sidewall characteristics and 
perfect development of uncured photoresist (Figure 4.16). 
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Figure 4.16 SEM photograph of SU-8 structures fabricated via the razor scrape method. The large hollow cross has a wall 
thickness of 100 µm and the small cross has a wall thickness of 50 µm A) Overhead view of cross structures illustrating excellent 
development of uncured photoresist from inside both structures despite the high aspect ratio. B) 45° angle view of the crosses 
exhibiting excellent sidewall characteristics. 
A series of high aspect ratio round and square solid bollards were also fabricated to test 
adhesion properties of structures with minimal contact to the wafer. Structures such as these 
are ideal for trapping aquatic organisms within a chip-based environment but can be easily 
damaged or torn off during development in ultrasonic bathes. Unfortunately, such baths are 
an integral part of development when deep channels must be developed clear of uncured 
photoresist. Fortunately, the methodology outlined within this chapter was able to easily 
produce such structures. 
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Figure 4.17 SEM photograph of round (90 µm) and square (90 x 90 µm) bollards illustrating excellent sidewall characteristics 
and adhesion. 
After the razor scrape methodology was validated with 300 µm layers, the application was 
extended further by seeking to examine if the approach was scalable. The tallest wafer plus 
sidewall combination that could fit under the photomask stage in the MA6 mask aligner used 
in this research was 4.5 mm. Since the PMMA wafers being used were 3 mm thick alone, the 
maximum sidewalls possible to add were 1.5mm. Such thicknesses are rarely applied in 
photolithography as it overlaps with feature sizes possible in modern 3D printing, however, in 
terms of rapid production of many identical wafers, particularly if they require very fine 
features, photolithography remains the most appropriate technique. 
Application of the photoresist into the 1.5mm guide walls followed the same protocol as for 
the 300 µm thick layers previously demonstrated. There was only one notable exception that 
was necessary due to the extremely thick photoresist layer. As seen in Figure 4.18, the 1.5 mm 
thick layer experienced significant shrinkage throughout the film during the pre-exposure 
bake. Due to the very thick layer an extended bake period of 4 hours was required which led 
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to a shrinkage of 29.7% through the centre of the film (Figure 4.18 C). By contrast, this 
shrinkage is significantly greater than that previously observed of only 15.8% with the 300 µm 
layer and 2-hour bake (Table 4.2). To compensate, the razor scrape method was simply applied 
again filling in the volume lost to shrinkage during the pre-exposure bake. Of course, this 
additional layer experienced shrinkage as well during the secondary bake, however, since it 
was significantly thinner than the original layer the shrinkage was proportionally less. After 
the secondary 2-hour bake was complete, the measured shrinkage of the film was 6.7 ± 1.2% 
of overall thickness, a marked improvement beyond not just the initial bake, but also previous 
single layer applications of only 300 µm layers (Figure 4.18 C & D). 
 
Figure 4.18 Double photoresist application with razor scrape method and 1.5mm high guide walls. A) Razor scrape after 4-
hour bake displaying significant shrinkage of photoresist and a strong meniscus. B) Same slide after secondary application 
and 2-hour bake of photoresist. C) Z-axis cross-sectional profile of photoresist after 4-hour bake. D) Z-axis cross-sectional 
profile of photoresist after 2-hour bake. 
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Summary 
 
The razor scrape methodology as described in this chapter facilitated the reliable fabrication 
of extremely thick photoresist layers up to 1500 µm. Macroscopically there was excellent 
uniformity across the entire wafer with meniscus effects limited to the periphery of the wafer 
after secondary application. Additionally, no sloping effect was observed in contrast with the 
constant volume injection method that occurred due to inconsistencies in manually spreading 
the photoresist.  
Surface roughness was observed to be higher than other methods due to suspected PMMA 
contamination. However, the particles were consistently within the range of 100 to 500 nm 
and thus were not of concern for LOC applications where feature sizes are rarely below 20 µm 
due to the organisms employed for testing. The use of a blunt razor or similarly flat, but not 
sharp, spreading tool could assist in reducing this. However, for the applications intended this 
contamination was not of concern, moreover, the use of readily available razor blades makes 
the approach inexpensive and consistent between laboratories. 
 
4.4. Discussion and conclusion 
 
In this chapter, I, for the first time, presented a novel approach towards generating thick 
monolithic and bilayer photoresist for application in microfluidics and aquatic LOC toxicity 
testing. Several different methodologies outlined in existing literature were tested for 
feasibility including; ease of fabrication, quality of surface structures, whole wafer photoresist 
uniformity after preparation, cost and importantly, ability to generate thick layers. 
Conventional methodologies such as spin-coating are typically restrained to layer thicknesses 
of <200 µm and wastes a large quantity of liquid photoresist. When operated at high RPM, 
spin coating produces unparalleled surface flatness compared to all other available methods. 
However, even when some of the most viscous photoresist available is applied it is still not 
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capable of generating a sufficiently thick layer for aquatic toxicity LOC applications. 
Additionally, when working with such viscous photoresists, spin coating suffers from poor 
spreading at low spin speeds, is difficult to work with due to its viscosity at room temperature 
and generates an enormous edge bead that partially reflows during the pre-exposure bake 
step. 
Pre-cast SUEX sheets can be purchased which, while efficient, are extremely expensive at 
approximately more than 10 times per unit area than spin coating. These sheets allow the 
application of ultra-thick photoresist layers in only minutes compared to several hours for all 
other methods employing liquid photoresist. The inherently brittle nature of such relatively 
thin sheets is a significant weakness of the SUEX. The fine dust produced when SUEX breaks 
up is problematic for use within a class 100 cleanroom facility and thus limits their appeal. 
Moreover, SUEX is only available in the pre-determined thicknesses available from the 
supplier, DJI Laminates. Ultimately, SUEX remains a viable, albeit extremely expensive, 
alternative to application of photoresist for generating thick photoresist layers. 
Another unorthodox method, constant volume injection, has several inherent flaws due to 
reliance on a very precise application of photoresist. Any loss of photoresist to spreading 
instrumentation, pipette tips or spillage will introduce variance into the final layer thickness 
achieved when using the constant volume injection method. Furthermore, this method is 
limited to the use of highly viscous photoresists since the liquid layer is merely contained by 
the surface tension at the edge of the wafer. Such photoresists are inherently difficult to 
spread evenly, exhibit poor reflow characteristics and are problematic to accurately pipette a 
given volume. As a result, the constant volume is not recommended as an appropriate 
technique for obtaining thick photoresist layers. 
The final method described within this chapter, the razor scrape method, proved to be the 
most appropriate for generating thick photoresist layers when considering cost, ease of use 
and uniformity across the entire slide. Tailored specifically towards fabricating microscope 
slide sized LOC-based devices for caging microorganisms, the razor scrape methodology was 
capable of repeatedly generating extremely thick photoresist layers of up to 1500 µm thick by 
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repeating the photoresist application process twice. The negative meniscus generated upon 
pre-exposure baking of the wafer was found to be easily and meaningfully reduced with the 
secondary application of the razor scrape method which could theoretically be applied at any 
thickness to improve final film uniformity. 
A significant drawback of the razor scrape methodology is the current limitation on wafer size. 
While it would potentially be possible to scale up the design, a larger wafer may not spread as 
evenly across the entire surface without introducing significant amounts of air bubbles into 
the liquid photoresist. Moreover, a scaled-up design would likely require a supporting 
apparatus to guide the blade as it spreads the photoresist over a surface, adding complexity, 
cost and additional equipment to laboratories already short on space. Therefore, it is 
recommended that the razor scrape design be applied specifically with the intention of 
fabricating small LOC style devices. 
In conclusion, the razor scrape method represents a unique development within the field of 
photolithography. It opens the door to a new scale of fabrication, combining the best aspects 
of DLP printing – including high-speed construction and tall structures - with the resolution 
possible in traditional photolithography without the cost and limited thicknesses available 
with pre-cast SUEX sheets. 
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5. Rotifer chip: Enabling real-time behavioural analysis of aquatic 
micro-invertebrates 
5.1. Introduction 
 
Rotifers are an aquatic invertebrate mostly found in still, freshwater environments such as 
ponds and lakes all over the world [212]. Their diet is comprised of bacteria, alga, protozoans 
and detritus up to 10 microns in size. Most species range from 100 to 500 micron in length 
however species as small as 40 micron and as large as 2000 micron have been recorded [212]. 
Brachionus calyciflorus is a species of rotifer that can be commonly found in freshwater rivers 
and lakes worldwide and grows to approximately 150 - 200 µm in length [213, 214]. B. 
calyciflorus exhibits a strong phototaxis, always preferring to move toward bright light sources 
when given the opportunity [215].  These tiny invertebrates form an important base in the 
food web for fish fry, cyclopoid and calanoid copepods in still freshwater environments being 
both rapidly reproducing and easy prey [216, 217].  
Moreover, B. calyciflorus is highly efficient at converting its food into biomass therefore 
making the energy available to higher trophic levels [218]. B. calyciflorus also has a very short 
life cycle of approximately 2 - 4 days, typically reproducing via parthenogenesis, however, 
under favourable circumstances females may produce fertile males and females which, in 
turn, then reproduce sexually [219, 220]. This short lifecycle is ideal for ecotoxicological testing 
as it allows for rapid analysis at all stages of development. 
Rotifers were first suggested as model organisms for use in ecotoxicology early in the 
development of the field during the 1970’s [221, 222] however, they did not see widespread 
adoption until 20 years later in the early 1990’s [223]. The increased prevalence of rotifers in 
ecotoxicological studies was probably due to newly available commercial toxicity testing kits 
which were cost effective, easily stored, simple to run and provided a standardised test 
species across the whole world [224]. This test became was so widely adopted that the 
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American Society of Testing Materials (ASTM) recognised the standardised method being used 
and published it in their 1991 Annual Book of ASTM Standards [223, 225]. 
When testing toxicity with rotifers it is indeed important to have all specimens of similar age 
to within a few hours due to variable sensitivities at different stages of the rotifer lifecycle 
[220]. This makes maintaining a live culture very difficult, since the rotifers are borderline 
microscopic selecting animals that are of similar age is essentially impossible. The commercial 
kits have overcome this issue by encouraging rotifers to reproduce sexually then causing the 
resulting eggs to encyst by making environmental conditions unfavourable. The precise 
methods used to achieve this have not been published due to commercial interests. 
The resulting cysts can then be stored for several years in typical fridge conditions [223]. To 
induce hatching the researcher need only place these dried cysts in 25°C standard freshwater 
for ~ 18 hours under continuous illumination. Resulting rotifers are physiologically uniform 
and the vast majority will hatch within 1-2 hours of each other providing a stock for toxicity 
testing that are all of a similar age [223]. 
In 2001, the existing standard for testing rotifers was brought into question when Preston and 
Snell (2001) produced results showing that a 96-hour toxicity test that focused on survival of 
F1 populations was up to 20 times more sensitive than a standard test which uses the F0 
population [220]. Instead of exposing the rotifers from hatching until they were 24-hours old 
then measuring the number of dead animals, this method focused on counting the number of 
resting eggs that the second generation of rotifers produced. It came as no surprise to 
ecotoxicologists that this test methodology was more sensitive since toxicity is known to 
increase not just with concentration, but also with time [226, 227]. Despite the claimed 
benefits of the longer duration 96-hour testing, contemporary research continues to be 
published with a combination of short 24-hour toxicity testing and 96-hour sub-lethal testing 
[228-230]. 
At present there are very few studies that have examined the impact of toxicant exposure on 
swimming behaviour of rotifers. According to a 2011 review, the lack of behavioural testing 
was due to ‘Technical shortcomings’ available to researchers within the field [230]. Though 
123 
 
evidence that rotifers can be automatically tracked using video equipment had been 
demonstrated as early as 1983 [231], these systems were very limited in their data acquisition 
capabilities. Quantification was relative as results were not able to be displayed in terms of 
distance travelled or speed therefore limiting the ability to compare results between 
laboratories. As a result, this work did not inspire ecotoxicologists to progress down the path 
of test automation. 
The next paper to claim automated tracking was published in 1995 by Charoy et al. who 
overcame the quantification issues by successfully measuring straight-line speed of the 
rotifers [232]. Restricted by low resolution cameras, slow processing speed and limitations of 
one test animal per video, ecotoxicologists remained undeterred, preferring to continue along 
the traditional line of mortality assessment as evidenced by the lack of publications thereafter 
which cited automated tracking as a method. A follow-up paper in 1999 from the same author 
demonstrated the same technology with more endpoints, however, the technical limitations 
and costs associated with the initial design remained [233].  
The tracking ability reported within these papers was limited, Charoy et al. 1995 reported 
directional speed only, a restrictive endpoint which, as discovered with the aforementioned 
Amphipod chip, is not always the most appropriate endpoint for measuring changes in 
swimming behaviour. Charoy et al. (1999) extended the tracking to also include sinuosity and 
time spent active which is reflective of modern tracking methods, however, there has not been 
any subsequent publications on this work by the author. 
The next publication that claimed to track rotifers was Guo et al. 2012. This work represented 
an interesting regression in technology. It involved recording rotifer movements with a light 
microscope then manually scoring the movements after the test [234]. This method of scoring 
is extremely painstaking and can lead to unintentional measurement bias. Therefore, it was 
unlikely that this study was going to change minds regarding behavioural analysis as a suitable 
surrogate for traditional toxicity testing. 
Apart from these studies, there has not been any other publications that claim to be able to 
track rotifers automatically, despite strong exaltation of its merit in a 2011 review [230]. The 
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work that has been described in chapter 3, of this thesis provided a legitimate solution to 
behavioural analysis of aquatic invertebrates. The design and fabrication techniques 
employed, however, limited the application to larger aquatic organisms that could be easily 
caged inside the confines of a test chamber with minimum feature sizes greater than 100 µm. 
As described in chapter 4, the combination of photolithography with the newly described 
razor scrape method enabled the fabrication of relatively thick photoresist layers - up to 1.5 
mm - combined with very fine features on the order of several micrometres. 
This evolution enabled the fabrication of rotifer specific LOC based devices designed to 
effectively cage the organisms, facilitate perfusion throughout the device while providing an 
environment precisely calibrated to enable video analysis. This design is presented within this 
chapter including CFD simulations, experimental validations and subtle behavioural 
alterations in response to multiple toxicant exposures. 
  
5.2. Chip design and operation 
 
The microfluidic LOC device was fabricated by employing soft lithography techniques in 
combination with the razor scrape methodology previously described. The entire design 
measured 13.96 mm in width, 7 mm tall and 0.3 mm deep, while the central chamber for 
caging the rotifers was 2.93 mm in diameter. The restriction channels employed measured 50 
µm at their narrowest point and were perfectly perpendicular to the chamber floor creating 
an effective point of filtration where B. calyciflorus could not escape (Figure 5.1). The total 
volume of the entire PDMS LOC device was 14 µL with the central chamber representing only 
2 µL. 
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Figure 5.1 Schematic illustration of perfusion-based LOC design for caging B. calyciflorus. The organisms are injected at the 
top and are forced into the central round chamber where they remain for the duration of the toxicity test. 
Loading B. calyciflorus proved a unique challenge as the small LOC device was unable to utilise 
a screw-based sealing method as previously seen in chapter 3 due to the small size and PDMS 
super-structure. Instead, the inherently pliable nature of PDMS was leveraged to create a one-
way valve that would enable B. calyciflorus to be injected under pressure, but not allow it to 
return on its own. 
To achieve this, a 72.6° geometric funnel shape was incorporated between the loading port 
and the central testing chamber with a minimum opening size of 80 µm, slightly narrower than 
the width of B. calyciflorus (Figure 5.2 A). The walls forming this funnel were 300 µm wide to 
allow a small amount of flexibility such that when a slightly higher pressure was applied from 
the loading port via micropipette, the walls would expand apart allowing rotifers to pass 
through (Figure 5.2 B). Once the injection was complete, the PDMS walls would relax back to 
their original state restricting the caged rotifers to the central chamber only (Figure 5.2 C). 
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Figure 5.2 Schematic illustration of the PDMS one-way injection valve specifically designed for B. calyciflorus. At rest, the 
narrowest point of the neck is 70 µm wide (A), however, upon injection of higher pressure water with a micropipette (B), the 
PDMS walls briefly flex outwards allowing rotifers to pass through into the central toxicity testing chamber. Once the rotifers 
have been injected, the PDMS returns to its rest state preventing organisms from escaping (C). 
To improve throughput, multiple LOC designs were fabricated simultaneously to match the 
standard microscope slide sized design commonly used in ecotoxicological microfluidics. A 
total of four designs were placed within a 75 mm x 25 mm area to avoid overcrowding 
resulting in potential mixing between replicates and excessive tubing (Figure 5.3). 
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Figure 5.3 Photograph of whole PDMS mould after bonding to a glass microscope slide. Four designes were used per slide to 
increase throughput and test chambers were imaged from the top side as seen above for clarity. 
A final validation of the design was performed by comparing a perfect 3D CAD model render 
with scanning electron microscopy of the resulting PDMS mould (Figure 5.4). Section A depicts 
the negative impression left in the PDMS after being cast over the SU-8 design fabricated with 
photolithography. An inset illustrates the important features including: i – Minimum distance 
between semi-circular bollards generating a 50 µm restriction point to prevent B. calyciflorus 
from escaping the central chamber. ii – the height of the PDMS walls, and thus the chamber 
depth of 300 µm. iii – central chamber diameter of 2.93 mm and finally, iv - the one-way valve 
described in Figure 5.2 with a minimum restriction of 80 µm at rest. 
Section B is the resulting PDMS mould as viewed under SEM, prior to bonding with the glass 
substrate. As illustrated by the SEM photograph, the fabricated model displayed excellent 
agreement with the intended design. An expanded inset depicts a higher magnification view 
of the restriction channels formed by the semi-circular bollards. The ripple observed along the 
face of the bollards is a result of the printing resolution used to generate the transparency 
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mask. To achieve smoother faces, a higher resolution laser etched chrome mask could be 
employed instead. 
 
Figure 5.4 Validation of 3D design parameters. A) Simulated rendering of microfluidic chip design impression in a PDMS 
medium. Inset: Magnification of central chamber depicting important parameters, i – 50 µm restriction point for caging 
rotifers, ii – height of PDMS walls (chamber depth) of 300 um, iii – diameter of central toxicity testing chamber of 2.93 mm 
and finally, iv – one-way loading port neck gap of 80 µm. B) Scanning electron microscopy of central chamber showing 
excellent agreement with the CAD render. Inset: High magnification of semi-circular caging bollards illustrating restriction 
channels that prevent B. calyciflorus from escaping. 
5.3. CFD simulations of flow conditions 
 
Computational fluid dynamics were performed on the LOC device to validate its flow 
characteristics. Full mass transfer was analysed at an inlet flow rate of 15 µL/min and 
simulated 30 seconds of perfusion. The analysis revealed that freshly perfused solution took 
approximately 10 seconds to reach the central toxicity testing chamber and a further 20 
seconds to completely perfuse through the chamber (Figure 5.5).  The dispersion channels 
functioned as expected, despite initial flow taking the most direct path (Figure 5.5 10s). Once 
sufficient backpressure was achieved, the flow was dispersed and begun to perfuse through 
to the extremities of the chamber via the restriction channels (Figure 5.5 15s-30s). 
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Figure 5.5 Time resolved CFD simulations illustrating mass transfer throughout the chip-based device at a flow rate of 15 
µL/min. 
Further streamline CFD analysis was performed to assess fluid velocity throughout the chip 
based on the inlet flowrate of 15 µL/min. The highest flowrate of 3.5 mm/s occurred only 
within the narrow restriction channels between the central toxicity testing chamber and 
inlet/outlet dispersion channels. Flowrates throughout the central chamber were simulated 
as being between 0.12 mm/s and 1.56 mm/s with a median value of 0.54 mm/s (Figure 5.6 A-
B). Due to the low fluid velocities predicted within the chip by CFD, the likelihood of 
hydrodynamically trapping a rotifer against the outlet channel were low given the even 
distribution of these channels and the pressure differential between the chambers. During 
subsequent perfusion-based testing with B. calyciflorus, such trapping was never observed. 
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Figure 5.6 CFD simulation colour-coded by velocity at an inlet flowrate of 15 µL/min. A) Demonstration of on-going perfusion 
throughout the chip device once flow had stabilised and; B) velocity simulation at the narrowest section of the restriction 
channel. 
 
5.4. Validation of survival and behavioural tracking 
 
As this design represents a world-first approach in caging B. calyciflorus within a prefusion-
based LOC environment, a biocompatibility analysis was performed to assess survival across a 
variety of flow rates within the chamber over 48 hours in clean freshwater conditions. Due to 
the excellent gas permeability of PDMS, survival within the central chamber was excellent with 
less than 10% mortality in all perfusion conditions (10 – 100 µL/min), thereby conforming to 
international standards for aquatic invertebrate control survival values during a standard 
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toxicity test [54]. However, under stop flow conditions over 48 hours within the same 
chamber, control mortality increased to 26 ± 14%, suggesting that the gas permeability alone 
was not sufficient for supplying oxygen to the rotifers (Figure 5.7). To minimise swimming 
fatigue upon the rotifers, the flow rate of 15 ± 1.7 µl/min was used to ensure sufficient delivery 
of fresh medium without potentially exhausting them by generating high-speed internal flows. 
 
Figure 5.7 48-hour survival rate of B. calyciflorus at various flowrates within the LOC device. All flow conditions satisfied the 
ASTM standards of greater than 90% survival in uncontaminated medium conditions. 
Once B. calyciflorus viability had been clearly established within the LOC device, a tracking 
analysis was performed to establish whether Ethovision XT v10 (Ethovision) was capable of 
tracking the test organisms under standard backlight conditions. Due to the translucent nature 
of B. calyciflorus and their extremely small body size, significant magnification was required 
to observe them properly. Fortunately, the PDMS scattered the light creating a strong contrast 
between the test organisms and the background. The result was a video file that could be 
easily analysed with Ethovision providing consistently reliable tracking of B. calyciflorus with 
very few, if any, digital artefacts potentially affecting the results. 
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Figure 5.8 Example of individual tracking of B. calyciflorus with Ethovision XT V10 with each colour trail representing a 10 
second tracking history of each rotifer. B. calyciflorus was easily detected by the tracking algorithms without the need for 
specific background removal techniques. 
 
The final biocompatibility test conducted was to ensure good correlation between swimming 
behaviour in the standard plastic multi-well plate environment and the perfusion-based LOC 
environment at the selected flow rate of 15 ± 1.7 µL/min. The results showed that over the 
short term of just one hour there were no significant differences between no-flow conditions, 
15 ± 1.7 µL/min and control multi-well plate environments (Figure 5.9). However, as the test 
progressed the results diverged significantly as the no-flow conditions exhibited a continual 
decline in swimming distance over the 48-hour period. While control and 15 ± 1.7 µL/min flow 
conditions also exhibited some decline, it was less pronounced and predictable given that 
rotifers were not fed during analysis (Figure 5.9). The strong relationship between results from 
15 ± 1.7 µL/min and control conditions validated that the perfusion-based LOC environment 
was not inherently affecting the swimming behaviour of B. calyciflorus and thus is a valid 
methodology for monitoring sub-lethal behavioural changes 
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Figure 5.9 Comparative analysis of mean swimming distance (per minute) of B. calyciflorus within the chip-based device under 
no flow conditions, the selected perfusion rate of 15 µL/min and a control static multi-well plate 
5.5. Behavioural analysis 
 
Importantly, it was noted by the use of the heatmap outputs from Ethovision that B. 
calyciflorus did not exhibit an edge effect phenomenon as observed with some other aquatic 
invertebrates in LOC environments (Figure 5.10) [93, 159]. This effect has previously been 
criticized for inducing unnatural swimming behaviour in the test subjects. While not an issue 
for survival, such behavioural effects are undesirable within an environment where 
behavioural changes are the quantifiable endpoint. The swimming patterns observed here 
indicate that the chamber is sufficiently sized for the population density and, additionally, that 
the selected flow rate is not forcing them towards the outlets of the central chamber.  
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Figure 5.10 Heatmaps for individual B. calyciflorus as measured with EthoVision XT V10 over the first minute of activity after 
perfusion was initiated. At the selected density of 10 organisms per chamber there was no detectable edge effect, moreover, 
a characteristic ‘spinning’ behaviour was visible as hot-spots within the chamber. 
The heatmap analysis of movement also helps to quantify a unique behaviour of B. calyciflorus 
that is observed during behavioural analysis, static vertical spinning (Figure 5.10). B. 
calyciflorus swims by ciliary locomotion that results in a characteristic spinning action as it 
swims in any plane, however, occasionally the test organisms would attempt to swim either 
directly up or down and were restricted by the shallow z-axis depth that is necessary to keep 
the test organisms in focus. Whilst these periods are brief, they never-the-less represent a 
quantifiable endpoint that traditional tracking software such as LoliTrack would simply treat 
as static behaviour as the organism’s centre point does not move across the frame. 
5.5.1. Heavy metal toxicity testing 
 
Once the LOC device had been established as a suitable surrogate for traditional static toxicity 
testing and flowrate optimisation completed, B. calyciflorus was exposed to two 
environmentally relevant heavy metals, copper and cadmium, to examine A) the correlation 
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between 24-hour LC50 values in both environments and, B) behavioural changes in response 
to sub-lethal concentrations of these metals. 
Traditional mortality testing was conducted first with copper chloride to establish the 
sensitivities of the test population. 24-hour LC50 values of 17.31 (95% Cl 15.25 – 20.98) µg/L 
and 18.53 (95% Cl 15.70 – 22.83) µg/L resulted from the control multi-well plate and LOC 
device respectively (Figure 5.12 A). A linear correlation comparative analysis between the two 
environments produced an R2 value of 0.96 (Pearson linear correlation test (P < 0.05)) (Figure 
5.12 B). 
B. calyciflorus’s swimming behaviour was known to vary over time, even under favourable 
conditions, with performance naturally slowing (Figure 5.9). Therefore, to account for natural 
depression in swimming distance over time, all behavioural results have been normalised to 
control values. A significant depression in swimming distance per minute was observed 
immediately after perfusion with 10 µg/L of dissolved copper with an observed mean 
reduction in swimming distance of 24 ± 15% compared to the control. Lower concentrations 
at the same timepoint exhibited significant variability, suggesting different responses within 
the rotifer population to exposure, however, overall the response was not significantly 
different from the control (Figure 5.12 C). 
After one hour of exposure variance between groups reduced and all copper concentrations 
that were 3 µg/L and higher demonstrated a significant depression in swimming activity 
compared to the control values. Maximal depression was observed at 10 µg/L with 52 ± 9% 
less swimming activity. The trend of decreasing swimming activity continued throughout the 
entire 24-hour exposure of copper with no observable recovery or acclimation at any test 
concentration. Interestingly, after only 12 hours of exposure significant reductions in 
swimming activity were clearly visible from concentrations as low as 0.5 µg/L, a concentration 
well below the 24-hour LC10 for copper with B. calyciflorus (Figure 5.12 C). This result 
demonstrates the potential significance of sub-lethal behavioural analysis as compared to 
traditional methods. 
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Analysis of 24-hour mortality against behavioural inhibition at the same time point provided 
a stark contrast between the sensitivity of the testing methodologies being compared (Figure 
5.11 D).  The behavioural inhibition response was defined as a reduction in swimming distance 
after normalisation to control values. This graphical representation clearly demonstrated the 
enhanced sensitivity afforded by behavioural analysis for detecting adverse reactions with B. 
calyciflorus exposed to very low copper concentrations. While the lowest observed 
concentration to induce any mortality was 5 µg/L, behavioural analysis was already reporting 
a significant reduction in swimming distance of > 50%. 
 
Figure 5.11 Experimental results of B. calyciflorus after exposure to copper over 24 hours. A) 24-hour mortality curve 
comparison between LOC device (red) and traditional static multi-well plate (blue). B) Pearson linear correlation between the 
two test environments illustrating excellent agreement between results. C) Changes in swimming distance per minute 
normalised to control values. D) Comparative analysis of 24-hour behavioural inhibition curve (blue) and standard 24-hour 
mortality curve (red) demonstrating the increased sensitivity of sub-lethal analysis compared to traditional methods. 
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Cadmium was also tested in both the static multi-well plate control environment and the LOC 
device. Initial mortality testing produced extremely similar dose-response curves with 24-hour 
LC50 values of 1214 (95% Cl 937-1525) µg/L and 1225 (95% Cl 979-1428) µg/L for the control 
and LOC device respectively (Figure 5.12 A). These mortality results produced an R2 value of 
0.98, indicating excellent agreement between toxicity data gathered from each test 
environment (Figure 5.12 B). 
In contrast to the results observed with copper, cadmium did not produce any significant 
changes in swimming behaviour immediately after perfusion, suggesting that along with the 
increased LC50 values, B. calyciflorus does not sense or uptake cadmium ions as rapidly as it 
does copper ions and that they do not affect B. calyciflorus’s nervous system in the same 
fashion. After one hour of exposure only the highest tested concentrations of 600 and 800 
µg/L cadmium resulted in a significant reduction in swimming activity. This reduction was 
rather minor, however, measuring only 22 ± 9% and 21 ± 6% against the control respectively 
(Figure 5.12 C). 
The effect was more pronounced after 6 hours of exposure where, again, the highest 
concentrations exhibited the most dramatic changes. At 600 µg/L swimming activity was 
reduced by 48 ± 7% and at 800 µg/L it was reduced by 52 ± 7%. All lower concentrations were 
not statistically different from control values. After 12 hours the results stabilised with similar 
findings at both 12 and 24-hour timepoints. Significant reductions were observed at cadmium 
concentrations 400 µg/L and higher while concentrations 200 µg/L and below remained 
indistinguishable from control values (Figure 5.12 C). 
Unlike with copper, cadmium did not induce significant depression of B. calyciflorus swimming 
activity an order of magnitude below its observed LC50 value at any time point. However, the 
changes that were observed at 400 µg/L of cadmium after only 12 hours represented an 
important sub-lethal indicator of organism stress. Moreover, graphical analysis of the 24-hour 
mortality and behavioural inhibition data shows that, as with copper, behavioural analysis was 
able to detect cadmium exposure to B. calyciflorus at significantly lower aqueous 
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concentrations. The most obvious example of this is at 750 µg/L, where swimming inhibition 
of almost 75% was observed at less than LC10 concentrations (Figure 5.12 D). 
 
Figure 5.12 Experimental results of B. calyciflorus after exposure to cadmium over 24 hours. A) 24-hour mortality curve 
comparison between LOC device (red) and traditional static multi-well plate (blue). B) Pearson linear correlation between the 
two test environments illustrating excellent agreement between results. C) Changes in swimming distance per minute 
normalised to control values. D) Comparative analysis of 24-hour behavioural inhibition curve (blue) and standard 24-hour 
mortality curve (red) demonstrating the increased sensitivity of sub-lethal analysis compared to traditional methods. 
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5.5.2. Organic contaminant toxicity testing 
 
Caffeine is an indicator of contamination due to its clear anthropogenic source and has been 
found in many different surface water and waste water sites [235]. It has been reported to 
have deleterious effects on development and reproduction of aquatic species where it is 
present [236], and thus is a contaminant of environmental concern. 
The 24-hour LC50 values for B. calyciflorus were 1389 (95% Cl 771 – 1928) mg/L and 1132 (95% 
Cl 976 – 1283) for the control multi-well plate and LOC environments respectively (Figure 5.13 
A). The Pearson linear correlation of the two environments revealed an R2 value of 0.96 
indicating excellent repeatability between mortality tests (Figure 5.13 B). This was also an 
important result for the LOC device as it was the first organic compound tested within this 
perfusion-based design. The strong correlation between compounds indicates that the 
perfusion system is not inherently altering the aqueous concentration of caffeine due to 
adsorption. 
During initial perfusion of caffeine there appeared to be an excitation or escape response as 
B. calyciflorus activity increased up to 30% above mean control levels. However, there was a 
substantial amount of variability during initial perfusion with caffeine and results were not 
statistically different from the control values. In fact, it wasn’t until 12 hours after initial 
exposure that a significant difference was observed at the highest concentration of 1000 mg/L. 
At the conclusion of the test, significant reductions of up to 78 ± 6% were observed at 1000 
mg/L with the lowest significant depression observed at 600 mg/L (Figure 5.13 C). 
Comparison of the behavioural inhibition observed at 24 hours with mortality at the same 
timepoint revealed that B. calyciflorus did not exhibit strong behavioural changes in response 
to caffeine at concentrations below the 24-hour LC10. However, it is important to note that at 
concentrations higher than the LC10 behavioural inhibition did increase more rapidly than 
mortality alone (Figure 5.13 D) 
These results indicate that B. calyciflorus is not only extremely resistant to caffeine as a 
toxicant, but also that to induce any significant behavioural perturbation in the organism, 
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concentrations approaching the 24-hour LC10 must be employed. Thus, behavioural analysis is 
not necessarily the most appropriate endpoint for assessing caffeine contamination. 
 
Figure 5.13 Experimental results of B. calyciflorus after exposure to caffeine over 24 hours. A) 24-hour mortality curve 
comparison between LOC device (red) and traditional static multi-well plate (blue). B) Pearson linear correlation between the 
two test environments illustrating excellent agreement between results. C) Changes in swimming distance per minute 
normalised to control values. D) Comparative analysis of 24-hour behavioural inhibition curve (blue) and standard 24-hour 
mortality curve (red) demonstrating the increased sensitivity of sub-lethal analysis compared to traditional methods. 
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The next toxicant analysed was 3,4 dichloroaniline, a component found in many commonly 
used herbicides [237]. It has previously been reported as an environmental contaminant of 
concern due to its abundance within the environment and its potential to induce deleterious 
effects at environmentally realistic concentrations [238, 239] 
The 24-hour LC50 values for B. calyciflorus were 63.80 (95% Cl 51.64 – 75.93) mg/L and 56.70 
(95% Cl 48.21 – 67.58) for the control and LOC device environments respectively (Figure 5.14 
A). The Pearson linear correlation R2 value between the two environments was 0.93, while 
slightly lower than the other compounds tested, the correlation is nevertheless still very 
strong and indicative of excellent agreement between the test environments (Figure 5.14 B). 
Similar to the results observed with caffeine there were no immediate statistically significant 
variations between experimental groups and the control swimming activity for the first hour 
of exposure to 3,4 dichloroaniline. After 6 hours, significant depression was observed at 15 
and 20 mg/L concentrations of ~30% less activity than control groups. This trend continued at 
the 12-hour mark with all tested concentrations exhibiting statistically significant depression 
in activity. Interestingly, after 24 hours of exposure to 3,4 dichloroaniline, B. calyciflorus test 
subjects in the 1 and 5 mg/L groups exhibited an acclimation response with swimming activity 
returning to control levels (Figure 5.14 C).  
In contrast to the observed variance between 24-hour behavioural inhibition and mortality 
with caffeine, 3,4 DCA exhibited a strong behavioural response from concentrations well 
below the 24-hour LC10. Interestingly, the response was so dramatic that almost a 100% 
reduction in swimming behaviour was observed below 20 mg/L as 3,4 DCA appeared to almost 
completely paralyse B. calyciflorus at concentrations well below the LC50 (Figure 5.14 D). 
While B. calyciflorus was only moderately sensitive to 3,4 dichloroaniline as a toxicant, an 
important observation from this data was that behavioural changes were detectable an entire 
order of magnitude lower than the LC50 after only 12 hours of exposure. Such measurements 
are vital for validating perfusion-based testing as a reliable method of sub-lethal stress 
responses. These results further justify the use of increased sub-lethal behavioural analysis. 
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Figure 5.14 Experimental results of B. calyciflorus after exposure to 3,4 dichloroaniline over 24 hours. A) 24-hour mortality 
curve comparison between LOC device (red) and traditional static multi-well plate (blue). B) Pearson linear correlation between 
the two test environments illustrating excellent agreement between results. C) Changes in swimming distance per minute 
normalised to control values. D) Comparative analysis of 24-hour behavioural inhibition curve (blue) and standard 24-hour 
mortality curve (red) demonstrating the increased sensitivity of sub-lethal analysis compared to traditional methods. 
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The final toxicant tested was dimethyl sulfoxide (DMSO), a frequently used aprotic solvent 
employed to carry low solubility contaminants, such as pharmaceuticals, into solution [240, 
241]. Previous studies have shown that some aquatic invertebrates are very sensitive to DMSO 
even at relatively low concentrations [192]. As such, B. calyciflorus was assessed for similar 
low-level sensitives given the propensity for the use of DMSO with this species [223]. 
B. calyciflorus was relatively insensitive to DMSO exposure with 24-hour LC50 values of 1.89 
(95% Cl 1.5-2.28) % v/v and 1.74 (95% Cl 1.23-2.49) % v/v within the control and LOC device 
respectively (Figure 5.15 A). The slightly higher toxicity within the chip device was likely due 
to there being zero headspace within the LOC device thus preventing any volatilisation of the 
solvent from solution. Moreover, the constant perfusion of fresh medium may have assisted 
in maintaining DMSO in solution for the duration of the test. A strong correlation was 
nevertheless observed between the control and LOC environments with a reported 0.95 R2 
Pearson linear correlation value (Figure 5.15 B). 
Throughout the duration of the behavioural observations, a sudden and significant depression 
in activity was detected at 2% and 5% DMSO concentrations. This depression persisted 
throughout the entire 24-hour duration with activity continuing to reduce at each time point. 
With the exception of the 1% DMSO concentration at 12 hours, there were no significant 
deviations from control activity levels during the test period (Figure 5.15 C). 
Perhaps the most interesting behavioural finding for DMSO was that, after analysis of 24-hour 
behavioural inhibition compared with mortality at the same timepoint, there were no early 
indications of deleterious effects prior to low levels of mortality becoming apparent (Figure 
5.15 D). Beyond the 24-hour LC25, however, behavioural inhibition exceeded mortality as B. 
calyciflorus swimming activity significantly reduced above DMSO concentrations of 2%. 
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Figure 5.15 Experimental results of B. calyciflorus after exposure to DMSO over 24 hours. A) 24-hour mortality curve 
comparison between LOC device (red) and traditional static multi-well plate (blue). B) Pearson linear correlation between the 
two test environments illustrating excellent agreement between results. C) Changes in swimming distance per minute 
normalised to control values. D) Comparative analysis of 24-hour behavioural inhibition curve (blue) and standard 24-hour 
mortality curve (red) demonstrating the increased sensitivity of sub-lethal analysis compared to traditional methods. 
5.6. Discussion and conclusion 
 
This work describes, for the first time, a perfusion-based LOC design for effectively caging the 
freshwater rotifer B. calyciflorus with the purpose of lethality and behavioural analytical 
testing. The system incorporated four main modules; i) A unique PDMS-based superstructure 
bonded to glass to function as the caging device and imaging platform, ii) a mechatronic 
actuation interface for perfusing fresh solution through the central toxicity testing chamber in 
a smooth, reliable fashion, iii) a high-framerate 2 MP camera mounted to a microscope to 
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record B. calyciflorus movements in multiple chambers simultaneously and, iv) a contrast-
based tracking algorithm, Ethovision, for post-hoc analysis of B. calyciflorus’s swimming 
patterns. 
After CFD simulation of mass transfer and fluid velocity throughout the LOC design, paired 
with subsequent validation of the projections, a flowrate of 15 ± 1.7 µL/min was selected as 
optimal for maintaining viability of the caged rotifers. Prior to examination of the induced 
behavioural perturbations for each of the selected toxicants, a dose-response comparison 
between control multi-well plates and the LOC device environments was conducted. In each 
scenario, there was no significant difference between the two environments as confirmed by 
comparative LC50 analysis and Pearson linear correlation R2 values. This finding is in agreement 
with previous PDMS-based experimentation conducted through cell-based bioassays for the 
purpose of testing prospective pharmacological compounds [190]. 
Behavioural changes were represented as percent variation from the control due to the 
inherent reduction in activity observed with B. calyciflorus in control conditions, both in static 
multi-well plates and un-contaminated LOC devices. The sensitivity of total swimming distance 
per minute as an endpoint was not universally successful with the contaminants employed in 
this study. This was most clearly evident with the heavy metal copper as significant depression 
of swimming activity was observed as soon as 12 hours after exposure at concentrations as 
low as 0.5 µg/L. Such sensitivity represents behavioural stress at concentrations more than an 
order of magnitude lower than the observed 24-hour LC10 for copper in under half the 
exposure period.  
Other toxicants such as DMSO revealed the opposite to copper, with behavioural inhibition 
lagging behind mortality at the lowest DMSO concentrations tested. This result highlights an 
important consideration when examining behavioural data. Since the results are replicated 
and analysed as the mean change in swimming distance per rotifer normalised to the control 
values, a situation where some organisms have died and the rest are exhibiting an elevated 
escape response can manifest as ‘normal’ or partially mask the true increase in swimming 
behaviour. This highlights the need to retain traditional mortality testing or, at the very least, 
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to always contrast behavioural findings against known mortality data to ensure accurate 
results. 
The significance of being able to constantly monitor for aqueous contamination at extremely 
low concentrations and with such rapid results should not be underestimated. For example, 
multi-compound chemical analysis of water samples is not only time consuming but also 
extremely expensive. By using in-situ bioassays operating on the principles of behavioural 
analysis demonstrated in this study, waterways could be consistently monitored for 
contamination events which, in turn, trigger a more detailed investigation. 
However, it should be stated that such an analysis could not be employed with the simple 
application of a single species. The results of behavioural analysis with caffeine, whilst not 
environmentally relevant in this case, clearly demonstrate that not all compounds induce a 
useful behavioural alteration that can be used as a trigger. The separation between significant 
depression of movement from control values and concentrations that begin to induce death 
are simply too close to be of any use in a bio-monitoring capacity. 
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6. Discussion 
 
6.1. Achievement and impact 
 
The research in this thesis has provided two original proof-of-concept LOC devices capable of 
effectively caging aquatic invertebrates within a perfusion-based environment for the 
purposes of lethal and sub-lethal analysis. Additionally, a simple, yet innovative, approach for 
creating monolithic photoresist layers from 100 to 1500 µm was presented. 
Chapter 3 described a novel approach towards trapping the marine amphipod Allorchestes 
compressa for the purpose of quantifying its sub-lethal behavioural changes in response to a 
number of toxicants. The analysis demonstrated that the use of PMMA (acrylic) as a bio-
compatible non-gas permeable substrate was highly successful with a range of metal 
contaminants. The perfusion-based environment was not only able to replicate known LC50 
values from traditional glass jar methods, it also demonstrated increased sensitivity to 
behavioural perturbations by enabling monitoring of swimming patterns.  
This proof-of-concept design was also successful in detecting similar sub-lethal behavioural 
changes in A. compressa’s swimming patterns with the commonly used aprotic solvent DMSO. 
Here my results demonstrated that minor, yet significant, changes in acceleration and activity 
were observed at DMSO concentrations as low as 0.1% v/v. While many studies employ 
concentrations lower than this, the findings raise concerns regarding potential synergistic 
effects that could manifest when DMSO is combined with other toxicants. DMSO is commonly 
used as a vehicle for incorporating organic chemicals in aquatic toxicity testing, hence the 
results presented in this chapter are of interest also to routine toxicity endpoints generated 
with organic toxicants. 
In summary, this amphipod chip presented a viable methodology for caging the marine 
amphipod A. compressa in a perfusion based environment specifically for the purpose of 
behavioural analysis. The work presents a preliminary platform for improving behavioural 
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analysis with A. compressa and could theoretically be employed with any morphologically 
similar amphipods. 
Chapter 4 addressed an overlooked sub-section of microfluidic fabrication. While techniques 
already existed for generating both very small (less than 100 µm) and relatively large (greater 
than 1000 µm) perfusion-based environments in the forms of soft lithography and laser 
cutting/3D printing respectively, there was a noteworthy lack of suitable techniques available 
for devices that fell between the two sizes. Addressing this issue became an important task as 
it would enable the freshwater rotifer Brachionus calyciflorus to be incorporated for the first 
time ever inside a truly microfluidic environment for the purpose of behavioural testing. 
After a thorough review of existing literature, a comparative analysis was performed analysing 
each of the available methods for creating a chamber that was reliably 300 µm in the z-axis 
while maintaining minimum feature sizes as small as 30 µm in the x and y-axes. Once it was 
established that each of the available methodologies suffered from significant draw-backs, a 
novel approach – dubbed the ‘razor scrape method’ – was proposed which reliably, rapidly 
and economically facilitated the fabrication of thick photoresist layers up to a maximum of 
1500 µm. 
This novel approach enabled a new class of microfluidic environments to be fabricated for 
small model organisms requiring a chamber up to 1500 µm deep along the z-axis while also 
providing extremely high resolution in the x and y axes. Such developments in fabrication 
specific techniques are crucial for the ongoing expansion of microfluidic testing by 
incorporating a greater range of potential test animals. 
The final chapter, only made possible through the aforementioned advances in fabrication 
techniques, described a perfusion-based microfluidic environment tailored specifically 
towards caging and tracking the movements of B. calyciflorus. Unlike the amphipod chip 
however, this design was fabricated from the elastomeric polymer PDMS which has been 
extensively used in cell-based culturing for pharmacological research. It was therefore not 
surprising that PDMS did not provide any biocompatibility issues for B. calyciflorus.  
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Moreover, traditional mortality-based analysis revealed excellent agreement between the 
two test environments. Subsequent behavioural analysis provided similar results to those 
obtained with A. compressa, further reinforcing the narrative of sub-lethal swimming 
behaviour as an excellent indicator of organism stress. This proof-of-concept design 
represents a significant improvement in the ability to effectively cage and track B. calyciflorus 
in a perfusion-based environment. 
 
6.2. Limitations and future work 
 
While the work described in this thesis presents an optimistic view of methodologies 
described, it is important to note that limitations of such applications as well. The amphipod 
chip detailed in Chapter 3 requires specialist knowledge in fabrication, construction of 
supporting apparatus and operation to derive meaningful results. Moreover, access to a laser 
micromachining device and 3D printers is required to create the requisite parts if this work is 
to be replicated for the purposes of adapting it to another organism. 
Additionally, barring significant advances within artificial intelligence and automated data 
recognition algorithms, human interpretation and criticism of data sets is still required. In the 
case of a faulty video acquisition caused by chip contamination, changes in lighting or other 
artefacts, the current tracking algorithms will continue to dutifully provide tracking results to 
an operator. Lack of due diligence on the behalf of the researcher conducting experiments can 
easily result in random noise being introduced into a dataset output. 
The final limitation pertaining to behavioural analysis as a preferable endpoint to traditional 
mortality-based results, is that it inherently conflates situations of low mortality/regular 
swimming activity, with no mortality/altered swimming activity. These impacts are 
significantly worse in indirect observational studies, such as the Multispecies Freshwater 
Biomonitor or the Musselmonitor, however, they are still present in some direct observational 
software such as Lolitrack. Specific attention must be paid to this phenomenon to prevent 
inadvertent generation of erroneous data sets. 
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Regarding the novel methodology presented for generating thick SU-8 layers by application of 
the razor scrape approach, while it does require the use of an extremely expensive cleanroom 
facility, currently there are no alternative options for fabricating structures on this scale that 
don’t require such facilities. In order to create any LOC-style perfusion-based environment 
suitable for the smallest aquatic invertebrates an extremely clean environment is key. One 
limitation specific to the razor scrape method is its lack of foreseeable saleability. The method 
is inherently limited to producing small number of LOC devices at a single time. While it is not 
impossible to imagine an automated process for producing such wafers, the demand simply 
does not exist at this point in time to justify such equipment. 
Going forward, an important leap to solidify perfusion-based sub-lethal analysis as a viable 
and competitive avenue it will become critical to demonstrate that these direct observational 
set-ups are capable of real-time in-situ applications. They must demonstrate a practical usage 
in the field, beyond proof-of-concept laboratory-based analysis in order to win over sceptics 
of the technology. Such innovation was beyond the scope of this project and my own skill set; 
thus, it was not described within this thesis. 
Additionally, however, it is also vital to continue to expand the range of LOC devices available 
to suit an ever-wider range of organisms. Attempting to insert a new paradigm of testing into 
ecotoxicology is similar to the age old ‘Chicken and egg’ problem. Without a sufficient range 
of existing technologies, the methods cannot be incorporated into existing environmental 
protection frameworks. Yet, without the promise of practical applications for such 
technologies, many researchers are hesitant to invest the time and money to pursue LOC as a 
viable alternative, or complement, to existing techniques. 
The field of microfluidics is well suited to addressing the ongoing and future growing pains 
associated with rapidly expanding economies, particularly in developing nations where 
environmental protection has historically been relegated in favour of economic growth [242, 
243]. The inherently small size of the microfluidic devices combined with the expanded range 
of test endpoints enables ecotoxicologists to rapidly and easily conduct toxicological analysis 
on novel chemical substances. As the range of compatible micro and mesofluidic devices 
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continues to grow, perfusion-based analysis - including both lethal and sub-lethal metrics – 
will increasingly play a role in routine testing. The research presented in this thesis has 
advanced the field to some extent with devices designed for the efficacy of testing sublethal 
behavioural responses with small model invertebrates 
It is important to note that, for the foreseeable future, traditional static and static renewal 
methodologies for establishing LC50 values will continue to dominate the environmental 
toxicology literature. The vast majority of toxicological data stretching back decades relies 
upon such metrics, and therefore modern test data is more easily comparable when 
quantified in the same fashion. Moreover, the adoption of the technology required to conduct 
sub-lethal behavioural analysis may also slow the process as labs accustomed to flasks, 
beakers and jars will need to familiarise themselves with the somewhat intimidating world of 
frame-rates, automated tracking algorithms and microfluidic flow. 
Ultimately, however, the benefits of sub-lethal analysis will prove indispensable as a method 
for quantifying deleterious impacts upon aquatic invertebrates at concentrations below LC10 
values. The existing methods of identifying acute mortality across a range of aquatic biota and 
applying an arbitrary safety factor as a rapid response to a novel toxicant is not sufficient in 
comparison to the clearly measurable endpoints presented in this thesis. 
The field of ecotoxicology has played a critical role throughout history in the protection of the 
environment and, subsequently humankind. To date, traditional methodologies have served 
adequately, however, the rate of novel chemical synthesis and the emphasis being placed on 
environmental protection is increasing more than ever. Moreover, recently introduced 
regulations such as the European Union REACH (1907/2006) and OECD High Production 
Volume (HPV) initiatives impose strict directive wherein novel chemical substances must be 
thoroughly characterised prior to release onto the market [76]. Such regulations further the 
need for a comprehensive, yet rapid suite of tests to be made available for this purpose. It is 
mainly the expense of conducting validation studies across countries and different 
laboratories that has held back the acceptance of novel methodologies in the testing of 
chemicals for legislative purposes [244]. 
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It is inevitable, however, that some form of automation will soon become incorporated into 
the field of ecotoxicology. As with other scientific fields (Pharmacology, Medical Pathology, 
Analytical Chemistry et cetera), when demand for output grows, human labour cannot scale 
to meet the needs and automation becomes increasingly cost-effective as a means of 
increasing throughput. It is at this point when those who have invested in the methodologies 
of tomorrow, will reap the rewards. 
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Appendix 
A. Technical instrumentation notes 
 
 
Figure A 1. Two-stage vacuum pump and accompanying vacuum chamber for degassing cast PDMS during soft lithography 
process. 
Robinair VacuMaster two-stage vacuum pump Model: 15501S2 
http://www.robinair.com/products/vacumaster-118-lpm-vacuum-pump-220v50hz 
220-240 V @ 4.2 A, 118L free air delivery, ½ HP motor 
 
  
Figure A 2 Ovens used for thermally bonding PMMA, curing PDMS samples and maintaining paramecium cultures in dark 
conditions. 
ThermoFisher Scientific HERAtherm OMH60 
https://tools.thermofisher.com/content/sfs/manuals/D00905~.pdf 
171 
 
Temperature stability: ± 0.4 °C, Temperature Uniformity: ±4 °C, Temperature Range: 50 - 250 
°C. 220 – 240V @7.9A. 
 
Figure A 3 Stereomicroscope used for high resolution imaging of invertebrates equipped with built-in video camera 
Nikon SMZ18 Light and Fluorescence microscope. 
www.nikoninstruments.com/Products/Stereomicroscopes-and-
Macroscopes/Stereomicroscopes/SMZ18 
Effective magnification range of 3.75 – 270x with a zoom ratio 18:1.  
Top-mounted Infinity3-3 CMOS digital camera. 
Maximum resolution 1936 x 1456 pixels, Maximum Framerate 120 FPS, Sony EXview CCD 
sensor. 
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Figure A 4. Gilson multi-channel peristaltic pump 
Gilson Minipuls Evolution utilising the MF1 & MF4 pump heads (1 and 4 channels respectively) 
http://www.gilson.com/en/Pipette/Products/63.46/Default.aspx#.WFeBXVV95hE 
Internal Diameter tubing range: 0.25mm to 7mm, Flow range: 0.2 µL/min – 340 mL/min, 
Maximum simultaneous channels: 16, less than 0.1% variation between channels. 
 
Figure A 5. XL30 Scanning electron microscope being used for high magnification of SU-8 positive-relief moulds 
Phillips XL30 Scanning electron microscope 
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http://www.semtechsolutions.com/node/124/philips-xl-30-sem 
Maximum resolution: 3.5 nm @ 30 kV, Maximum wafer size: 6 Inches, Additional EDX and BSE 
detectors fitted 
 
 
 
Figure A 6 Vega scanning electron microscope 
Tescan Vega-3 XMU scanning electron microscope 
https://www.tescan.com/en-us/technology/sem/vega3 
Maximum resolution: ~10 nm @ 30 kV, Magnification range: 3 – 500,000x, Maximum wafer 
size 4 Inches, Additional Wide field optics, EDX, WDX and EBSD. 
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Figure A 7. Amphipod behavioural tracking with the Zebrabox Revo 
ViewPoint Zebrabox Revo – 4th Generation design 
http://www.viewpoint.fr/en/p/equipment/zebrabox 
Real-time video analysis of behavioural changes in aquatic organisms, Infrared 2 MP camera 
capable of recording in absence of visible light, IR and white LED panel, temperature control 
via internal water bath. 
 
Figure A 8. Dino-lite USB cameras for video recording 
Dino-lite AD-7013MZT USB Microscope 
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http://www.dinolite.com/products_detail.php?index_m1_id=9&index_m2_id=36&index_id=
48 
USB 2.0 interface, 5 megapixel colour CMOS sensor, Magnification range: 20 – 200 x, 
Framerate up to 30 FPS. 
 
Figure A 9. IDS USB cameras with detachable lenses 
IDS imaging development solutions GmbH 
https://en.ids-imaging.com/store/ui-3360cp-rev-2.html 
USB 3.0 interface, 1” CMOS colour sensor, 4.19 megapixels, Frame rate of up to 80 FPS. Two 
optional Goyo Optical Inc. lenses, 12.5mm focal length F1.4-16 & 12.3mm focal length F1.45-
16 mini-EF mount. 
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Figure A 10. DC power supply for LED illumination 
Powertech MP3086 DC Power supply unit 
https://www.jaycar.com.au/0-to-30vdc-0-to-3-amp-regulated-variable-laboratory-power-
supply/p/MP3086 
0 – 30 VDC supply with variable amperage 0 – 3 A. Ripple in supply <1mVrms 
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Figure A 11. Test tube vortex used for mixing toxicant solutions to ensure homogeneous solution 
Heidolph Reax Top test tube vortex 
http://www.heidolph-instruments.com/products/shakers-mixers/test-tube-shakers/reax-
top/reax-top-test-tube-shaker-from-heidolph-the-standard-model-vibrating/ 
5mm vibration orbit, continuous/automatic modes, 2,500 RPM maximum speed 
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Figure A 12. Drill press used for fabricating support equipment 
Hafco MetalMaster Mill Drilling Machine 
https://www.machineryhouse.com.au/Turret-Milling-Machines 
220- 240 V, 100 – 2000 variable RPM range, 600 W multi-gear motor, drilling precision 0.5 
mm, milling precision 0.1 mm. 
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Figure A 13. Illuminated hatching plate used to induce hatching of Rototox F cysts 
Custom made by BioMems Group, RMIT University Bundoora 
Calibrated to heat petri dishes at the surface to 25 °C and illuminate samples to 3500 ± 500 
Lux for ideal hatching of cultures. 
 
Figure A 14. Backlight pad for recording movements of test cultures with Dino-lite USB cameras 
BL-ZW1 Dino-Lite backlight pad, AnMo Electronics Corp 
http://www.dinolite.com/products_detail.php?index_m1_id=4&index_m2_id=21&index_id=
26 
